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ABSTRACT 
 
Tile vaults -or "volta catalana"- are included within the masonry vaults, but are built with a particular 
technique: the bricks are arranged flat, to form a sheet or sheets, and is made without formwork. The 
first sheet is built with plaster, which hardens very fast and is used as formwork for the next sheet of 
bricks. The bricks are disposed closing successive rings or arches. 
Although it was mainly in the nineteenth and twentieth centuries, when the most spectacular and 
better quality examples were built, tile vaulting is known in the East of Spain and Southern France 
since the beginning of the fifteenth century, and some people see a credible precedent in the formwork 
used by the Romans in their buildings. Until its decline about mid-twentieth century (time when it was 
already spread over many parts of the world), tile vaulting was used regularly in homes in this area for 
stairs and floors.  
This dissertation presents the analysis of three “Catalan” barrel vaults (3 meters span and 1 meter 
wide). Each vault has a variable incorporated: number of layers (2-3) or existence of spandrel walls, 
which make it different. The vaults are assessed by limit analysis and finite element method, using 
uniform and asymmetric loads. 
The vaults are analyzed with the finite element method using the software DIANA. The virtual models 
are plane-stress macromodels and simplified micromodels. Interfaces between bricks are considered. 
Material and geometrical non-linearity are taken into account.  
Simultaneously, the reference vault has been built and load tests are performed on it. The material has 
been studied in the Laboratory to collect the data from its physical and mechanical properties, and 
thus introduce them in the models.  
The comparison of the results is made with two objectives: 
1- To assess the suitability of the analytical methods used. To check their convergency and to reveal 
the information that each provides. 
2- To evaluate the contribution of the selected variables to the stability of the vault. The introduction 
of these variables keeping the other parameters constant, allows the comparison of results with the 
corresponding knowledge of the contribution of the parameter that has been varied. 
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RESUMO 
 
Embora o interesse na “volta catalana” esteja a crescer em todo o mundo, tanto no meio académico e 
profissional, existem muitas incógnitas sobre o seu comportamento estrutural. Apesar do grande 
número de publicações escritas sobre este assunto, incluindo tratados da grande Guastavino, 
permanec aberto ainda hoje um debate académico sobre o método de análise dessas construções para 
avaliação estrutural. 
A pesquisa desenvolvida trata a análise de três abóbadas de tijolo oco simples. Cada abóbada tem uma 
variável relacionada com o número de camadas (2 ou 3), e a existência de abas de reforço. Os arcos 
foram avaliados através da aplicação de uma carga assimétrica, por análise limite e pelo Método dos 
Elementos Finitos, utilizando macromodelos e micromodelos simplificados tendo em conta o 
comportamento não-linear geométrico e material. 
Simultaneamente, a abóbada de referência foi construída e realizaram-se testes de carga sobre ela. O 
material foi estudado no Laboratório de Materiais para a recolha de dados a partir de suas 
propriedades físicas e mecânicas, e, assim, entrar nos modelos de cálculo. 
A comparação dos resultados foi realizada com dois objetivos: 
1 - Avaliar a adequação dos métodos numéricos utilizados.  
2 - Avaliar a contribuição das variáveis selecionadas para a estabilidade do arco. 
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RESUMEN 
 
ANÁLISIS ESTRUCTURAL DE BÓVEDAS TABICADAS: MÉTODOS Y VARIABLES 
Aunque el interés en la bóveda tabicada está creciendo en todo el mundo, tanto en el ámbito 
académico como en el profesional, quedan muchas incógnitas por resolver en cuanto a su 
comportamiento estructural. A pesar de la gran cantidad de publicaciones escritas sobre este tema, 
incluyendo los tratados del gran Guastavino, sigue abierto hoy un debate académico sobre el método 
de análisis de estas construcciones para su evaluación estructural. 
La investigación que se presenta a continuación, plantea el análisis de tres bóvedas de ladrillo hueco 
simple. Cada bóveda tiene una variable incorporada en el número de capas (2 o 3) y en la existencia o 
no de lengüetas rigidizadoras. Las bóvedas han sido evaluadas aplicando una carga asimétrica por 
Análisis Límite y por el Método de los Elementos Finitos, utilizando macromodelos y micromodelos 
simplificados teniendo en cuenta la no-linealidad material y geométrica. 
Simultáneamente, la bóveda de referencia ha sido construida y se han llevado a cabo pruebas de carga 
sobre ella. El material empleado se ha estudiado en el Laboratorio de Materiales para recoger los datos 
de sus características físicas y mecánicas, e introducirlo así en los modelos de cálculo.  
La comparación de los resultados se ha hecho con dos objetivos: 
1- Evaluar la idoneidad de los métodos analíticos utilizados. Para comprobar su precisión en la 
predicción del comportamiento real de las bóvedas y revelar la información que cada uno ofrece. 
2- Evaluar la contribución de las variables seleccionadas para la estabilidad de la bóveda.  
Structural Analysis of Tile Vaults: Methods and Variables 
 
 
Erasmus Mundus Programme 
12                                                                 ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 
 
 
 
 
 
 
 
 
  
Structural Analysis of Tile Vaults: Methods and Variables 
 
 
Erasmus Mundus Programme 
ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 13 
 
TABLE OF CONTENTS 
 
DECLARATION................................................................................................................................................................................. 1 
ACKNOWLEDGEMENTS............................................................................................................................................................... 5 
ABSTRACT ......................................................................................................................................................................................... 7 
RESUMO ............................................................................................................................................................................................. 9 
RESUMEN ....................................................................................................................................................................................... 11 
LIST OF FIGURES ......................................................................................................................................................................... 17 
LIST OF TABLES ........................................................................................................................................................................... 21 
LIST OF EQUATIONS .................................................................................................................................................................. 21 
1. INTRODUCTION ...................................................................................................................................................................... 23 
1.1. Motivation ......................................................................................................................................................................... 23 
1.2. Background and problem statement ..................................................................................................................... 24 
1.2.1 Tile vaulting: an ancient construction system ............................................................................................ 24 
1.2.2. “Vaults impossible to calculate” (Huerta, 2001) ....................................................................................... 25 
1.3. Objective of the thesis .................................................................................................................................................. 25 
1.4. Methodology .................................................................................................................................................................... 25 
1.4.1. Types of vaults ........................................................................................................................................................ 26 
2. LITERATURE REVIEW .......................................................................................................................................................... 29 
2.1. Historical background on catalan vault ................................................................................................................ 29 
2.1.1 The Origins of Catalan Vault ............................................................................................................................... 29 
2.1.2 First load bearing vaults and first treatises (from s.XV to s.XVIII)..................................................... 30 
2.2.3 First scientific experimental tests.................................................................................................................... 31 
2.2.4 Structural Theories after Guastavino ............................................................................................................. 32 
2.2 Current Historical, Analytical and Experimental Studies ............................................................................... 33 
2.2.1. “Catalan Vault” Specific Research ................................................................................................................... 33 
2.2.2. Research on Masonry Structures. ................................................................................................................... 34 
3. EXPERIMENTAL TESTS AND DATA COLLECTION ................................................................................................... 35 
3.1. Introduction ..................................................................................................................................................................... 35 
3.2. Materials ............................................................................................................................................................................ 35 
3.3. Compression tests on vault specimens. ................................................................................................................ 36 
3.4. Compression tests on bricks...................................................................................................................................... 37 
3.5. Flexural and compression tests on gypsum specimens. ................................................................................ 38 
3.6. Load tests on two reference vaults. ........................................................................................................................ 40 
Structural Analysis of Tile Vaults: Methods and Variables 
 
 
Erasmus Mundus Programme 
14                                                                 ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 
3.6.1. Load test on first reference vault .................................................................................................................... 41 
3.6.2. Load Test on Second Reference Vault ........................................................................................................... 43 
3.7. Conclusions. ...................................................................................................................................................................... 45 
4. ASSESSMENT OF THE REFERENCE VAULT ................................................................................................................. 47 
4.1. Limit analysis method .................................................................................................................................................. 47 
4.1.1. Properties and model adopted ........................................................................................................................ 48 
4.1.2 Punctual load. ........................................................................................................................................................... 48 
4.1.3. Distributed load...................................................................................................................................................... 51 
4.2. Non-linear analysis with FEM: macromodel ...................................................................................................... 52 
4.2.1. Decision on the values to introduce. .............................................................................................................. 53 
4.2.2. Decision on the boundary conditions. .......................................................................................................... 53 
4.2.2. Adopted macromodel and results. ................................................................................................................. 55 
4.3. Non-linear analysis with FEM: simplified micromodel .................................................................................. 58 
4.3.1. Adopted micromodel and results. .................................................................................................................. 60 
4.4. Comparison of results .................................................................................................................................................. 63 
4.5. Conclusions ....................................................................................................................................................................... 64 
5. FROM ACADEMIC TO PROFESSIONAL PRACTICE .................................................................................................... 67 
5.1. Statement of the problem ........................................................................................................................................... 67 
5.1. Process of assessment .................................................................................................................................................. 68 
5.3. Results ................................................................................................................................................................................ 68 
5.4. Conclusions ....................................................................................................................................................................... 69 
6. STUDY OF THE PROPOSED VARIABLES ....................................................................................................................... 71 
6.1. Assessment of the vault with three layers ........................................................................................................... 71 
6.1.1. Adopted macromodel .......................................................................................................................................... 71 
6.1.2. Results ........................................................................................................................................................................ 72 
6.2. Assessment of the vault with stiffeners ................................................................................................................ 73 
6.2.1. Adopted macromodel .......................................................................................................................................... 73 
6.2.2. Results ........................................................................................................................................................................ 74 
6.3. Comparison of results .................................................................................................................................................. 75 
6.4. Conclusions ....................................................................................................................................................................... 76 
7. CONCLUDING REMARKS ..................................................................................................................................................... 77 
7.1. Main conclusions ............................................................................................................................................................ 77 
7.2. Further research ............................................................................................................................................................. 78 
REFERENCES ................................................................................................................................................................................. 79 
 
Structural Analysis of Tile Vaults: Methods and Variables 
 
 
Erasmus Mundus Programme 
ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 15 
A1. VERSATILITY AND ADVANTAGES OF TILE VAULTING ....................................................................................... 83 
A1.1. Introduction. ................................................................................................................................................................. 83 
A1.2. Advantages of tile vaulting ...................................................................................................................................... 84 
A1.2.1. Low-cost construction. ..................................................................................................................................... 84 
A1.2.2. Sustainability. ....................................................................................................................................................... 85 
A1.2.3. Durability. .............................................................................................................................................................. 86 
A1.2.4. Load bearing capacity. ...................................................................................................................................... 87 
A1.2.5. Versatility. .............................................................................................................................................................. 88 
A2. LAST STEP: BUILDING TILE VAULTS .......................................................................................................................... 91 
A2.1. Bench for the International Festival of Architecture and Construction ............................................... 91 
A2.2. Brick-topia ..................................................................................................................................................................... 95 
A2.2.1. The contest ............................................................................................................................................................ 96 
A2.2.2. Sponsors ................................................................................................................................................................. 98 
A2.2.3. The project ............................................................................................................................................................ 99 
A2.2.4. The Construction process .............................................................................................................................101 
A2.2.5. Final Result ..........................................................................................................................................................106 
 
 
 
Structural Analysis of Tile Vaults: Methods and Variables 
 
 
Erasmus Mundus Programme 
16                                                                 ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 
  
Structural Analysis of Tile Vaults: Methods and Variables 
 
 
Erasmus Mundus Programme 
ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 17 
 
LIST OF FIGURES 
 
Figure 1. Placing the first and the second layer of a tile vault .................................................................................. 24 
Figure 2. Reference vault ......................................................................................................................................................... 26 
Figure 3. Vault with stiffeners ................................................................................................................................................ 27 
Figure 4. Vault with three layers ........................................................................................................................................... 27 
Figure 5. Brick vaults:  a) Roman technique, b) Arabiac technique, c) Catalan technique. (Picture from 
John Ochsendorf) ......................................................................................................................................................................... 30 
Figure 6. Vaults studied by Fray Lorenzo de San Nicolás and wall thickness recommended for each 
type .................................................................................................................................................................................................... 30 
Figure 7. Patent U.S. Year of concession:1892. Patent number 471.173 for hollow arch ............................. 31 
Figure 8. First layer in construction          Figure 9. Second layer in construction ............................................ 35 
Figure 10. Compression test on vault specimen ............................................................................................................. 36 
Figure 11. Compression test on “vertical brick” ............................................................................................................. 37 
Figure 12. Flexural test on gypsum specimen ................................................................................................................. 38 
Figure 13. Compression test on specimen ........................................................................................................................ 39 
Figure 14. Two reference vaults ........................................................................................................................................... 40 
Figure 15. Preparing the load test ........................................................................................................................................ 41 
Figure 16. Load test on the first reference vault ............................................................................................................ 41 
Figure 17. LVDTs distribution in the first reference vault ......................................................................................... 41 
Figure 18. Load-deformation curve of the load test on the first reference vault.............................................. 42 
Figure 19. First reference vault after collapse ................................................................................................................ 43 
Figure 20. Load test on second reference vault .............................................................................................................. 43 
Figure 21. LVDTs distribution in second reference vault ........................................................................................... 44 
Figure 22. Load-deformation curve of the load test on the second reference vault ........................................ 44 
Figure 23. Graphic statics model for the reference vault. Punctual load. ............................................................ 48 
Figure 24. Static approach to the reference arch loaded with a punctual load ................................................. 48 
Figure 25. Kinematic approach to the reference arch loaded with a punctual load........................................ 49 
Figure 26. Graphic statics model for the reference vault. Load distributed on 40 cm. .................................. 51 
Figure 27. Static approach to the reference arch loaded with a distributed load ............................................ 51 
Figure 28. DIANA plane stress element "CQ16M" ......................................................................................................... 52 
Figure 29. Predefined comp. behavior.   Figure 30. Predefined tensile softening.      Figure 31. Constant 
shear retention ............................................................................................................................................................................. 52 
Figure 32. Mesh and applied load at the macromodel of the reference vault .................................................... 52 
Figure 33. Hinge a bit higher than the support.         Figure 34. Hinge at the support .................................... 54 
Figure 35. Load-deformation curve of the point where the load is applied to compare models with 
different boundary conditions. .............................................................................................................................................. 54 
Figure 36.Load-deformation curve of the point where the load is applied to check the accuracy of one 
"pinned model" ............................................................................................................................................................................ 55 
Fig. 37. Num.-Exp. comparison. Macromodel, node169.     Fig. 38. Num.-Exp. comparison. Macromodel, 
node 521 ......................................................................................................................................................................................... 55 
Figure 39. Crack during load test .......................................................................................................................................... 56 
Figure 40. Hinges observed after collapse ........................................................................................................................ 56 
Figure 41. Principal strains, hinges and deformed shape of the reference vault’s macromodel ............... 57 
Structural Analysis of Tile Vaults: Methods and Variables 
 
 
Erasmus Mundus Programme 
18                                                                 ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 
Figure 42. Load-deformation curve with hinges. Macromodel of the reference vault. .................................. 58 
Figure 43. Composite interface model (Lourenço, 1996) ........................................................................................... 58 
Figure 44. Behavior in compression.   Figure 45. Behavior in tension.  Figure 46. Behavior in shear 
(Lourenço,1996) .......................................................................................................................................................................... 59 
Figure 47. Construction elements of two-layer tile vault ........................................................................................... 59 
Figure 48. Units and interfaces of the simplified micromodel ................................................................................. 59 
Fig. 49. Num.-Exp. comparison. Micromodel, node294                Fig. 50.Num.-Exp. comparison. 
Micromodel, node2215 ............................................................................................................................................................. 61 
Figure 51. Principal strains and hinges. Deformed shape. Micromodel Reference vault .............................. 62 
Figure 52. Load-deformation curve with hinges. Micromodel of the reference vault. ................................... 63 
Fig 53. Load-def curve. Macro vs Micro at the load point.      Fig 54. Load-def curve. Macro vs Micro at 
the opposite side point .............................................................................................................................................................. 63 
Figure 55. Macro vs micro. Initial stiffness. Ref. vault                           Figure 56. Macro vs micro at the 
peak. Ref. vault ............................................................................................................................................................................. 64 
Figure 57. Load-deformation curve at the load point. Comparing the "simulation" with the 
experimental values ................................................................................................................................................................... 68 
Figure 58. Mesh and applied load at the macromodel of the vault with three layers..................................... 71 
Figure 59. Principal strains graphics and hinges of the three-layered vault. ..................................................... 72 
Fig. 60. Load-def. curve at the load point of the 3-layered vault  Fig. 61. Load-def. curve at an initial 
state of the 3-layered vault ...................................................................................................................................................... 73 
Figure 62. Mesh and applied load at the macromodel of the vault with stiffeners .......................................... 73 
Figure 63. Arrangement of the stiffeners in 3D and 2D. ............................................................................................. 73 
Figure 64. Principal strains and hinges. Deformed shape. Macromodel of the vault with stiffeners. ...... 74 
Fig 65. Load-def. curve of the vault with stiffeners.        Fig 66. First part of the load-def. curve of the 
vault with stiffeners ................................................................................................................................................................... 75 
Figure 67. Comparison of the vaults studied. .................................................................................................................. 75 
Figure 68. Mapungubwe National Park Interpretive Centre ..................................................................................... 84 
Figure 69. The sustainable urban dwelling unit (SUDU) under construction 
(http://sudu1construction.wordpress.com/) ................................................................................................................ 85 
Figure 70. Cathedral of Saint John the Divine, NYC. (Picture from Ochsendorf, J.; 2010) ............................. 86 
Figure 71. Load test at the ETH (Block Research Group)                                        Figure 72. Load test at the 
UPC .................................................................................................................................................................................................... 87 
Figure 73. Exhibited load test by Guastavino to demonstrate de high load bearing capacity of the 
technique ........................................................................................................................................................................................ 87 
Figure 74. Church of Christ the Worker, Atlantida, Uruguay, 1958-60 by Eladio Dieste 
(http://www.urbanhabitatchicago.org) ............................................................................................................................ 88 
Figure 75. The Thrust Network Analysis funicular form finding method (Block Research Group) ......... 89 
Figure 76. IFAC Workshop. Day 1 ......................................................................................................................................... 92 
Figure 77. IFAC Workshop. Day 2 ......................................................................................................................................... 92 
Figure 78. IFAC Workshop. Day 3 ......................................................................................................................................... 92 
Figure 79. IFAC Workshop. Day 4 ......................................................................................................................................... 93 
Figure 80. IFAC Workshop. Day 5 ......................................................................................................................................... 93 
Figure 81. IFAC Workshop. Day 6 ......................................................................................................................................... 94 
Figure 82. IFAC Workshop. Day 7 ......................................................................................................................................... 94 
Figure 83. Project Brick-topia framing the view of one of the two main towers of the old factory Fabra i 
Coats .................................................................................................................................................................................................. 95 
Figure 84. Image of the proposal .......................................................................................................................................... 96 
Structural Analysis of Tile Vaults: Methods and Variables 
 
 
Erasmus Mundus Programme 
ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 19 
Figure 85. Proposal for the contest ...................................................................................................................................... 97 
Figure 86. Logos of the companies sponsoring the construction ............................................................................ 98 
Figure 87. Plan of the project ................................................................................................................................................. 99 
Figure 88. Render of the project ........................................................................................................................................... 99 
Figure 89. Main section of the project ..............................................................................................................................100 
Figure 90. 3D models of the project designed with RhinoVault ............................................................................100 
Figure 91. Construction of the slab as foundations for the project ......................................................................101 
Figure 92. Arrangement of the scaffolding .....................................................................................................................101 
Figure 93. Plan of the project ...............................................................................................................................................102 
Figure 94. Proccess of cutting and mounting the formwork made of cardboard ...........................................102 
Figure 95. Construction process .........................................................................................................................................103 
Figure 96. Architecture students visiting the work-site ...........................................................................................103 
Figure 97. Experienced workers building the first layer ..........................................................................................104 
Figure 98. Process of redesign of the project "in situ" ...............................................................................................104 
Figure 99. Building the first, second and third layer at the same time ...............................................................105 
Figure 100. Dismantling the formwork ............................................................................................................................105 
Figure 101. Dismantling the last part of the formwork .............................................................................................106 
Figure 102. Interior view of the final result ...................................................................................................................106 
Figure 103. Inauguration of the pavilion .........................................................................................................................107 
Figure 104. Exterior view of the pavilion ........................................................................................................................107 
Figure 105. Brick-topia June 13 ..........................................................................................................................................108 
Figure 106. Brick-topia June 14 ..........................................................................................................................................108 
Figure 107. Brick-topia June 15 ..........................................................................................................................................108 
Figure 108. Brick-topia June 16 ..........................................................................................................................................109 
Figure 109. Brick-topia June 16 (2) ...................................................................................................................................109 
Figure 110. Brick-topia June 17 ..........................................................................................................................................109 
Figure 111. Brick-topia June 18 ..........................................................................................................................................110 
Figure 112. Brick-topia June 19 ..........................................................................................................................................110 
Figure 113. Brick-topia June 20 ..........................................................................................................................................110 
Figure 114. Brick-topia June 21 ..........................................................................................................................................111 
Figure 115. Brick-topia June 22 ..........................................................................................................................................111 
Figure 116. Brick-topia June 22 ..........................................................................................................................................111 
Figure 117. Brick-topia June 22 ..........................................................................................................................................112 
Figure 118. Brick-topia June 23 ..........................................................................................................................................112 
Figure 119. Brick-topia June 24 ..........................................................................................................................................112 
Figure 120. Brick-topia June 25 ..........................................................................................................................................113 
Figure 121. Brick-topia June 26 ..........................................................................................................................................113 
Figure 122. Brick-topia June 26 ..........................................................................................................................................113 
Figure 123. Brick-topia June 27 ..........................................................................................................................................114 
Figure 124. Brick-topia June 28 ..........................................................................................................................................114 
Figure 125. Brick-topia June 28 (2) ...................................................................................................................................114 
Figure 126. Brick-topia June 28 (3) ...................................................................................................................................115 
Figure 127. Brick-topia June 28. Inauguration .............................................................................................................115 
 
 
Structural Analysis of Tile Vaults: Methods and Variables 
 
 
Erasmus Mundus Programme 
20                                                                 ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 
 
  
Structural Analysis of Tile Vaults: Methods and Variables 
 
 
Erasmus Mundus Programme 
ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 21 
 
LIST OF TABLES 
 
Table 1. Types of vaults to assess ......................................................................................................................................... 27 
Table 2. Results of compression tests on vault specimens ........................................................................................ 36 
Table 3. Results of compression tests on bricks in the "vertical” direction ........................................................ 37 
Table 4. Results of flexural tests on gypsum specimens ............................................................................................. 38 
Table 5. Results of compression tests on gypsum specimens .................................................................................. 40 
Table 6. Load and displacements (in mm) of the first reference vault ................................................................. 42 
Table 7. Load and displacements (in mm) of the second reference vault ........................................................... 45 
Table 8. Values from the kinematic approach of the reference vault loaded with a punctual load .......... 50 
Table 9. Material properties for the macromodel.......................................................................................................... 53 
Table 10. Young and shear modulus of the materials .................................................................................................. 60 
Table 11. Linear properties of the interfaces and units .............................................................................................. 60 
Table 12. Nonlinear properties of the interfaces ........................................................................................................... 60 
Table 13. Comparison of numerical and experimental results. ............................................................................... 64 
Table 14. Material properties of the macromodel without calibration ................................................................ 68 
Table 15. Comparison of results of the vaults studied ................................................................................................. 76 
 
 
LIST OF EQUATIONS 
 
(Eq. 1).                 .................................................................................................................................................... 37 
(Eq.2). ff           ................................................................................................................................................................... 39 
(Eq.3).                                   ......................................................................................................... 39 
(Eq.4).             .............................................................................................................................................................. 39 
(Eq.5). Gfc= d·fc, ............................................................................................................................................................................. 53 
(Eq.6).           ............................................................................................................................................................ 61 
(Eq.7).                   ................................................................................................................................. 61 
(Eq.8).                    ................................................................................................................................. 61 
(Eq.9).                           (N/mm), for fc between 12 and 80 N/mm2 ................................ 61 
(Eq.10).          for fc < 12N/mm2, d = 1.6mm is suggested (maximum from Model Code 90) ..... 61 
 
 
 
 
 
 
Structural Analysis of Tile Vaults: Methods and Variables 
 
 
Erasmus Mundus Programme 
22                                                                 ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 
  
Structural Analysis of Tile Vaults: Methods and Variables 
 
 
Erasmus Mundus Programme 
ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 23 
 
 
 
 
Chapter 1  
1. INTRODUCTION 
"... tile vaults are  an effective constructive invention because, with bricks and plaster or fast cement, a 
skilled mason can do in a few hours, a huge variety of resistant forms, without any other tool than drawer 
and palette .. . " (Torroja 2010). 
 
 
 
 
 
1.1. MOTIVATION 
Although the interest in tile vaulting is growing worldwide both in the academic and professional field, 
there are several unknowns that remain unresolved regarding their structural behavior. Despite the 
publications concerning this issue, there is still an open debate in the academic domain about the 
treatment of these vaults in their structural assessment and the decision of the structural analysis 
method. 
This research is not only focused on giving solutions for the structural analysis of historical 
constructions, but it can also be valid to be consulted when facing a new project recovering this 
historical technique.  
Tile vaulting is a traditional building technique from the western Mediterranean abandoned as an 
usual construction system, but able to be retrieved considering its qualities such as its low cost, formal 
versatility, load bearing capacity, sustainability and resistance to fire and insect attack. 
If this dissertation defends the possibility of recovering a construction technique is because previously 
it has disappeared for some reason. The disappearance of a building tradition is logical to be caused by 
an improvement of construction techniques, its economy or its ease of implementation, among other 
reasons. Therefore, this research does not seek an uncritical return to the past nor a simplistic and 
systematic rejection of concrete and steel. It only tries to present a construction technique that had a 
long history thanks to its many benefits and whose disappearance -probably inevitable- in a place with 
a particular context does not mean it is not valid for other locations with different contexts. It is 
perhaps not the most versatile system for every construction, but I would like to show in the next 
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chapters, and mainly in the first annex, its advantages because it can be a choice between the different 
techniques in certain circumstances, that is to say, an alternative. 
Several factors can justify building using this traditional technique, namely: 
1. Within the context of the current crisis, it is increasingly essential to take the economy of building 
into account. The fact that this construction does not need scaffolding makes its cost very low. 
2. The versatility of this technique makes it possible to be used in both small and large spans, and to 
build floors and stairs of different geometries operating under compressive stress. 
3. The stability of these structures depends on its geometry, which optimizes the amount of material 
used. These vaults can withstand housing common loads and cover the typical spans of this type. 
4. The easiness of brick manufacturing and the possibility of purchasing it within a local trade ensures 
a sustainable technique that, in addition, after its collapse, doesn’t mean a serious pollution. 
5. Due to the material used, this technique has a considerable resistance to fire and is not susceptible 
to insect attack or decomposition, as other materials may be. 
The fact is that recovering this traditional technique means a smart choice, specially when the budget 
is limited or the resources reduced (a deeper  reflection on this matter is done in the annexes). 
1.2. BACKGROUND AND PROBLEM STATEMENT 
1.2.1 Tile vaulting: an ancient construction system 
Tile vaults are masonry structures made with bricks and binder (gypsum, fast setting cement, mortar), 
generally thin bricks are used, usually thin tiles placed flat setting up two, three or more layers (the 
first, at least, is set with gypsum or fast setting cement) joined together without centering executed. 
The aim of using gypsum or fast setting cement is the quick adhesion achieved so that the bricks get 
attached within seconds to the edge walls or to the previous arcs or rings already finished. They are 
built with very small thicknesses. Typically, they have two sheets (about 10 cm., including the middle 
layer of mortar and coatings), but also one sheet vaults can be found (about 5 cm.). The slenderness, 
relationship between the radius of curvature and span, is often about 100, but there are much more 
slenders. (Huerta: 2005) 
       
Figure 1. Placing the first and the second layer of a tile vault 
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1.2.2. “Vaults impossible to calculate” (Huerta, 2001) 
“Modern theory finds it difficult to explain and measure the phenomenon of its resistance, and the 
builders who showed their genius in understanding the vaults are dead and buried beneath the clay 
which they used to make the brick centuries ago” Eduardo Torroja (Ochsendorf, 2010). 
Many architects and engineers have developed and used different structural theories to assess this 
kind of constructions. However, many of them were opposed or could not explain the real behavior of 
the vaults. 
"The vaults, that were always built by masons based on their intuition, were considered impossible to 
calculate" Jaume Rosell (Huerta, 2005). 
Even today the debate about the existence and the need of the tensile stresses to be considered is still 
an issue in every congress about the matter. The method to be used to analyze these vaults is also a 
matter of discussion, having great defenders of the limit analysis and giving no reliability to the Finite 
Elements Method and, on the other hand, arguments saying that this later method is also suitable and 
can provide important information about the structural behavior of masonry structures. 
The problem does not only stay in the academic field, but it also trespasses it to reach the professional 
field and influences the way to face the restoration of ancient heritage. A bad structural assessment of 
these constructions can lead to the destruction of them. Many professionals working on this matter 
still use only an elastic analysis by FEM, which is totally inadequate. Besides, the tremendous 
slenderness of vaults makes some architects or engineers to have doubts about their stability, and the 
final solution is, too many times, the demolition of it.    
John Ochsendorf has an interesting citation on his book “Guastavino Vaulting. The Art of Structural 
Tile”:  he quotes George Collins’ sentence explaining that the tile vaults were surrounded by “an air of 
mystery as to precisely how and why they function as they do”.  
1.3. OBJECTIVE OF THE THESIS 
This research aims to quantify the contribution of the elements that determine the bearing capacity of 
tile vaults such as their thickness (number of layers) and the existence of diaphragms -stiffeners-. The 
objective is also to determine the possible contribution of a strengthening with a new layer of bricks or 
a system of stiffeners. 
It simultaneously seeks to draw conclusions about the suitability of each assessment method by 
comparing them and testing real vaults that are simultaneously analyzed. 
1.4. METHODOLOGY 
There are many factors that determine the bearing capacity of “Catalan vaults” such as its shape, its 
span and its thickness, but also the mastery of the placing. 
Three vaults are studied within this work.  They have a variation in thickness or can have, or not, 
spandrel walls –stiffeners-. That will allow the comparison of results for the evaluation of the impact of 
each element in the bearing capacity of the whole. 
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As shown in the figures below (Figure 2 to Figure 4), the vaults have a span of 3m , a width of 1m and a 
height of 30 cm. The two parameters are: thickness (2 or 3 layers), and the existence of spandrel walls.  
This research, addressing three distinct objectives, provides sufficient information for the 
extrapolation of the described methodologies to other masonry-vaulted structures.  
The research will be addressed from three perspectives: historical, numerical, and experimental. 
Historically, to understand different “Catalan vault” construction and analytical techniques employed 
throughout history. From the numerical and analytical point of view, graphic and computer models –
with software DIANA- are made to assess vaults’ behavior and failure. Experimentally, two vaults were 
built and tested and experiments have also been performed in laboratory specimens to characterize 
the material. The experimental results are contrasted with those got from the theoretical models, 
thereby assessing their degree of accuracy and suitability as calculation procedures. 
After a comprehensive research on the historical background on the tile vaulting technique and a 
detailed study and classification of the literature, the next step is the preparation of the specimens and 
the performance of the experimental tests. The data about the physical and mechanical properties of 
the material collected in the tests is then used to create a reliable model of the “reference vault”. This 
model should be very carefully calibrated to allow obtaining the same results as the ones obtained in 
the load tests of the real vault. The final values used in the corrected model can be then applied to the 
two models of other types of vaults. This process should be done with the macromodel and with the 
simplified micromodel. 
The results are discussed and compared and conclusions are drawn.  
It should be also pointed out that a fourth perspective could be added. It is based on learning trough 
experience and through experimentation in the professional field, but with an aim on translating into 
reality the research work made in the academic domain, as the last step of the research process. 
During the months assigned to perform this dissertation, two projects involving the construction of tile 
vaults were conducted by the author of this thesis. They are exposed in the annexes.   
1.4.1. Types of vaults 
The three types of vaults that are studied can be seen in the next figures. All of them have 1 meter 
wide, 0.3 meters rise and 3 meters span, which is a quite common span in many dwelling buildings and 
also reasonable, taking into account that two real vaults were built to perform the load tests. 
The so-called “reference vault” has two layers of bricks and no spandrel walls. This is the type of vault 
that was built and tested twice. The second type of vault has also two layers of bricks, but this time it 
also has stiffeners. The last one has three layers of bricks, but no spandrel walls. 
 
Figure 2. Reference vault 
Structural Analysis of Tile Vaults: Methods and Variables 
 
 
Erasmus Mundus Programme 
ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 27 
 
 
Figure 3. Vault with three layers 
 
 
Figure 4. Vault with stiffeners with three layers 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1. Types of vaults to assess 
 
Reference Vault Vault with three layers Vault  with stiffeners  
DIMENSIONS 
 
 (W) Width  100 100 100 
 (S) Span  300 300 300 
 (H) High  30 30 30 
1ST LAYER  
 Piece  Brick Brick Brick 
 Bonding Material  Gypsum Gypsum Gypsum 
 Brick Pattern  Break joint Break joint Break joint 
2ND LAYER 
 
 Piece  Brick Brick Brick  
 Bonding Material  Dry mortar Dry mortar Dry mortar 
 Brick Pattern Break joint Break joint Break joint 
3RD LAYER 
 
 Piece  -  Brick   
 Bonding Material  -  Dry mortar  
 Brick Pattern -  Break joint  
STIFFENERS 
 
  No No Yes 
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Chapter 2  
2. LITERATURE REVIEW 
“The construction technique of thin tile vault is fairly well known and an extensive bibliography in this 
respect is available. Not so in terms of its structural behavior” (Huerta: 2005) 
 
 
 
 
 
2.1. HISTORICAL BACKGROUND ON CATALAN VAULT 
In the next pages the historical background of the “Catalan vault” will be exposed. Experts in this field 
and reputed professors have already done this kind of review in an extraordinary way, so before 
starting this new chapter, it is for me an obligation to highly recommend the work by Professor 
Santiago Huerta in “La mecánica de las bóvedas tabicadas en su contexto histórico: la aportación de los 
Guastavino”, which is an extraordinary review, both historical and technical, of the structural behavior 
theories specifically related to tile vaulting.  
Also highly recommended is the work by Professor José Luís González in “La bóveda tabicada: pasado y 
futuro de un elemento de gran valor patrimonial”, where he makes a comprehensive study of the 
evolution of the technique, its treatises, influences and examples since its very beginning. This text is 
included in the edition of the treatise from 1950 by Ángel Truñó, where he studied exhaustively this 
building technique and the way it is constructed. 
 
2.1.1 The Origins of Catalan Vault 
One hypothesis holds that tile vaulting comes from the popular medieval buildings and another one 
identifies its origins in the Muslim culture. However, the most recognized hypothesis on the origin of 
“Catalan vault” is that by Auguste Choisy which places it in the Roman time, where builders used 
bricks as permanent formwork to perform the spectacular vaults of large Roman buildings, made with 
his particular concrete. But although one cannot determine the origins of the vault for sure, it can be 
ensured that load bearing tile vaults exist since 1400. (González, 2004). 
 
Structural Analysis of Tile Vaults: Methods and Variables 
 
 
Erasmus Mundus Programme 
30                                                                 ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 
 
Figure 5. Brick vaults:  a) Roman technique, b) Arabiac technique, c) Catalan technique. (Picture from John Ochsendorf) 
2.1.2 First load bearing vaults and first treatises (from s.XV to s.XVIII)  
The tradition in the Iberian Peninsula  
Continuing Bassegoda’s work, José Luís González makes a thorough study of cases. In it is possible to 
find many examples like the chapel of King Martí l'Humà in Barcelona Cathedral from 1407, the 
cloister of the Hospital of Santa Creu i Sant Pau in Barcelona, also from 1407, and many other 
examples located throughout Catalonia between the fifteenth and seventeenth centuries. In works or 
treatises, such as the one by Comte d'Espie, older examples are mentioned like the Convent of the 
Franciscans in Perpignan, founded in 1280, with tile vaults with a single layer and no load bearing 
capacity. 
In the seventeenth century, Fray Lorenzo de San Nicolás writes the first treatise about this matter. The 
importance given in this treatise to the tile vaulting technique is the same as the one given to the more 
common vaults made of stone. Fray Lorenzo appreciates from this technique the low horizontal 
thrusts generated by its low self-weight, which means also lower thickness for the bearing walls. 
 
1/3                                      1/4                                         1/5                                              1/6 
Figure 6. Vaults studied by Fray Lorenzo de San Nicolás and wall thickness recommended for each type 
The French treatises 
In the late seventeenth century, the construction system of the tile vault begins to spread through 
France. 
In 1754, the Comte d' Espie published the book "Manière of rendre toutes sortes d'edifices 
incombustibles , ou Traité sur la construction des voûtes, faites avec des briques et du plâtre, dites voûtes 
plates, et d'un toit de brique, sans charpente , appelé comble briqueté". In the book, he describes the 
construction system and compares tile vaults with conventional vaults. Such comparison had already 
been made by Fray Lorenzo de San Nicolás, as said before, but the conclusions this time were 
completely different. The Comte d’Espie stated that these vaults did not have horizontal thrusts and 
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acted in a monolithic way. He includes a load test and some destructive tests on vaults to reinforce his 
assumptions. 
This treatise was a reference for others to come in the next centuries, all of them considering these 
vaults as rigid bodies. It even influenced Rafael Guastavino in his famous theory about the “Cohesive 
Construction” in 1892. 
In 1765 Pierre Patte made a compilation of the cases that he knew and also thought that no horizontal 
thrusts existed. He wrote "Taubleaux de progres des arts et des sciencies sous le royaume de Louis X”". 
Choisy also writes his own treatise –where he exposes his hypothesis about the origin of the 
technique, explained in the previous chapter- based on Patte’s theory, and it is also a reference for 
Rondelet. who summarized all the previous ones, defended the monolithic behavior and was very 
influential in the future.  
2.2.3 First scientific experimental tests 
France 
During the nineteenth century experimental tests were conducted in France trying to determine the 
horizontal thrusts and resistance of tile vaults: De Olivier and Fontaine immediately reject the 
monolithic behavior admitting the existence of horizontal thrusts. 
One of the tests described by three domes Fontaine described a test of a vault with about 4 m span and 
0.355 m rise, with the supports on wrought iron beams of 47 cm thick and a span of 6.15 m, covering a 
total area of 72 m2. The test was performed until collapse, which was at the load of 1,250 kg/m2. 
The Theory of “Cohesive Construction” by  Rafael Guastavino 
Rafael Guastavino Moreno (1842-1908) emigrated with his son to the United States in 1881. In 
February 1886 he patented in the US the system of construction that he learnt in Spain: the “Catalan 
vault”. This cheap, durable, versatile and fireproof building technique was very well accepted in the US, 
specially for its fireproof condition, very appreciated in that country after the Chicago fire of 1871. 
 
Figure 7. Patent U.S. Year of concession:1892. Patent number 471.173 for hollow arch 
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Rafael Guastavino was the first to attempt to formulate a theory to explain structurally the behavior of 
timbrel vaults. (Huerta , 2005). His cohesion theory –“Essay on the history and Theory of Cohesive 
Construction Applied Especially to the Timbrel Vault”- was based on his knowledge of material strength 
and stability. The French treatises of that time, specially that by Comte d’Espie, were very harmful, as 
they were the main influence for Guastavino and they were clearly wrong admitting that tile vaults 
were monolithic and did not have horizontal thrusts. However, as he was a great builder, he used 
always different elements to counteract these thrusts (González, 2004).  
He performed experimental tests in addition to his calculations. The first tests were made on 
specimens in 1887. Subsequently, he conducted load tests and fire resistance tests. 
Rafael Guastavino Moreno died in 1908 and his son took over the company, Rafael Guastavino 
Exposito (1973-1950), which remained in charge until 1942 and also tried to understand the 
structural behavior of the vaults. Guastavino Expósito, this time probably influenced by a couple of 
articles by Dunn in 1904 and 1908, used the membrane analysis for tile vaults to find tensile stresses 
and placed reinforcements were needed (Huerta, 2005). 
2.2.4 Structural Theories after Guastavino 
Specialists in Spain 
Although there were clear disadvantages and possible mistakes in the elastic analysis of masonry 
arches, it was considered to be the best way to analyze masonry structures at the late nineteenth 
century. That did not match with the theory of “Cohesive Construction” in terms of horizontal thrusts, 
but in the case of resistance of moments, tensile stresses and continuity it agreed with Guastavino’s 
monolithic ideas (Huerta, 2005).  
Felix Cardellach, collected in his book “Filosofía de las Estructuras” (“Philosophy of Structures”) a 
compendium of assessment methods in Spain during the late nineteenth and early twentieth centuries. 
He considered tile vaults as a type of cohesive construction capable of resisting bending. 
In that book, Cardellach mentioned the famous Antoni Gaudí (1852-1926), who was helped in many of 
his works by Domènech Estapà, Jaume Domenech Bayó or Sugranyes. They performed calculations to 
know the flexural strength of flat brick arches but used the catenary shape when building vaults to 
make them work only in compression. 
Domènech i Estapà (1858-1917) understood tile vaults as cohesive structures. He considered the 
possibility that the line of thrusts got out of the dome section. He considered, like Jaume Bayó (1873-
1961), the flexural strength of the material, thus annulling the horizontal thrust resisting tensile and 
shear stresses.  
Other specialists of that time were Jeroni Martorell, Esteve Terradas, Bassegoda or Luis Moya. 
Despite the rise of elastic analysis, Jeroni Martorell (1877-1951) considered the graphic statics as the 
method that could give more accurate results. He accepted the horizontal thrusts, but pointed out that 
they decreased thanks to the cohesion and stiffness. He carried out experimental tests to try o find the 
way to calculate the bending capacity. 
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Esteve Terradas (1883-1950) applied the membrane analysis and analyzed the collapse of the vaults 
by overload (asymmetric and dynamic) and due to a wrong implementation during construction. He 
also performed elastic analysis of the vaults and studied the problem of bending. 
One of the most valuable contributions of Bassegoda Buenaventura (1896-1987) is the compilation of 
numerous examples of tile vaulting from its origin. He applied graphic statics when facing the 
assessment of a “Catalan vault”. 
Luis Moya (1904-1990) worked mainly in Madrid and was the last great builder using tile vaults. He 
recognized the inadequacy of elastic analysis due to the lack of elastic constants. He performed 
graphical equilibrium analysis. In his works, he applied a layer of concrete to better resist bending. 
Joan Bergós's contribution was also important: he performed extensive analysis and load tests on 
catalan vaults, which are included in his books: "Materiales y elementos de construcción" and 
"Tabicados huecos". 
Jacques Heyman set the modern basis for limit analysis. His famous hypothesis about masonry 
structures claimed that sliding between voussoirs is impossible, its tensile strength should be 
considered zero and its compressive strength is infinite. Under these conditions, the limit analysis 
theorems would apply to brick structures.  
2.2 CURRENT HISTORICAL, ANALYTICAL AND EXPERIMENTAL STUDIES 
2.2.1. “Catalan Vault” Specific Research 
Currently, “Catalan vault” has the attention of many specialists scattered around the world (especially 
Europe and America). The most important research work done specifically about this technique is 
mainly –but not only- conducted in Spain (Catalonia, Madrid and Valencia), in Switzerland (ETH in 
Zurich) and USA (MIT in Boston). 
It is particularly intensive the research in Catalonia, where we can find the highest concentration of 
built examples with this technique. In Barcelona, among others, the architect José Luis González, 
Professor at the School of Architecture, is one of the leading specialists in restoration of Catalan vaults. 
He continued the work by Bassegoda conducting a comprehensive study of examples built on the 15th 
century. His work focuses mainly in the historical aspects and in the building technique rather than in 
the structural analysis. He defends preservation whenever possible and recommends load testing as 
the most reliable method to test its strength. The University of Girona is also conducting some 
interesting research on the matter with dynamic analysis and Finite Element Method. 
From Madrid and following Heyman’s hypothesis, Santiago Huerta, Professor at the School of 
Architecture of Madrid states that Catalan vaults have little tensile strength, they crack and have 
horizontal thrusts. He recommends vaults to be calculated with equilibrium analysis, as any masonry 
structure. He rejects any kind of analysis by the finite element method because the resolution of the 
system is very sensitive to changes in boundary conditions and masonry is not a continuous element 
and is often cracked.  
The leading Professor of the research conducted at the MIT is John Ochsendorf, under his tutorship, 
very interesting researches and thesis have been written. A good example of it is the master thesis by 
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Megan L. Reese, in which she analyzed by graphic statics and made a linear analysis by FEM of 
Guastavino vaults and domes, and she recommended graphical statics for restoration. 
Philippe Block’s PhD thesis at the MIT developed the Thrust Network Analysis, an equilibrium analysis 
method in three dimensions. It is “a new methodology for generating compression-only vaulted 
surfaces and networks” (Block & Ochsendorf, 2007), which allows designing forms using the minimum 
compressive material. 
The BLOCK Research Group at ETH Zurich University, led by Philippe Block, develops new software 
tools and explore the traditional technique to combine both of them. This group has developed 
“RhinoVault”, a plug-in for the software Rhinoceros. It is based on Philippe Block’s PhD thesis’ 
achievements and, as said above, allows the design of structures that work only in compression under 
self-weight. This tool was used to develop the two tile-vaulted projects that the author of this 
dissertation has built as side experimental work, and which are exposed in the annex. 
2.2.2. Research on Masonry Structures. 
The edge research on this matter, and specifically on non-linear analysis by FEM, is basically led by the 
Departments of Civil Engineering of the institutions that are involved in the Advanced Master SAHC, 
directed by Professor Paulo Lourenço. The research teams in each institution led by Prof. Lourenço 
(UMINHO), Prof. Roca (UPC), Prof. Modena (University of Padova) and Prof. Kabele (CTU), are an 
enormous source of high-quality studies, papers and thesis. Most of the data needed in this 
dissertation to be introduced in the finite element models that could not be collected from the 
experimental tests, were taken from the most adequate literature, which was the one written within 
this context. Besides, the dissertations that students of this master make every year, mainly about this 
topic, are a good source of knowledge and a good place to look for case studies. For this dissertation, it 
was especially helpful the work by my colleague and friend Joanna Ptaszkowska, “Numerical modeling 
of masonry vaults strengthened with transversal diaphragms”. 
Pere Roca, leading Professor of the Master SAHC at the UPC, in his talk at Girona University within the 
conference “Aprenent de la volta catalana” (“Learning from Catalan Vault”) in May 2012 recommended 
for the assessment of these vaults, the limit analysis and macromodeling by FEM, considering the 
following: 
- A precise macromodeling of the geometry has to be made. 
- Consider the material nonlinearity. 
- Consider limited compressive strength 
- Possible consideration of tensile non-zero (but very limited) 
- Consider geometric nonlinearity.  
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Chapter 3  
3. EXPERIMENTAL TESTS AND DATA COLLECTION 
“The structural behavior of tile vaults is still a matter of research. Although many studies and national 
standards exist, most of them are referred to specimens of masonry, where the loads are transferred 
through the bed instead of the face or the end of the brick. The difficulty to complete reliable numerical 
models due to the randomness of the problem suggests that the complementary information obtained 
from experimental approaches is really advisable.” (Llorens et al., 2012) 
 
 
3.1. INTRODUCTION 
Tests have been carried in four different kinds of specimens aiming at obtaining the properties of the 
materials used for construction and at registering the structural behavior of the reference vault under 
a specific load. 
Four vault specimens were tested under compression, as well as bricks and gypsum specimens. The 
latter were also subjected to flexural tests. Load tests were also performed on two reference vaults.     
3.2. MATERIALS 
The materials used to build the vaults and the specimens are: bricks, fast setting gypsum and mortar. 
The bricks used in the construction are hollow bricks with 28cm x 14cm x 4cm and volume equal to 
1.568x10-3m3. Each brick weighs 1.497 Kg and the density (ρ) is equal to 1219.4 Kg/m3. 
The bricks are placed in different position in each layer. For the first one (the one beneath), they are 
placed “vertical” with respect to the cross section of the vault, whereas in the second layer they are 
placed “horizontal” (Figure 8 and 9). 
 
                                 Figure 8. First layer in construction                                     Figure 9. Second layer in construction 
Horizontal direction 
Vertical direction 
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The first layer of bricks used as binder fast setting gypsum: Iberplast B1 (www.placo.es) with a ratio 
water/gypsum of 0.66 (L/kg), which it is according to the code UNE-EN 13.279-1:2006,  
For the second layer cement mortar was used. It was grey dry mortar M-7.5 and it was mixed with 
17% of water (4.25L for each 25kg). 
3.3. COMPRESSION TESTS ON VAULT SPECIMENS. 
Compression tests on the vault specimens were carried, aiming at obtaining the Young’s modulus (E) 
and the compressive strength (fc) of the masonry to use them in the macromodel. The density was also 
determined for each specimen. 
Four specimens with two layers were built. The average dimensions of the specimens are 0.475m x 
0.475m x 0.09m and volume is equal to 1.8042x10-2m3. The average weight of the specimens is 22Kg, 
which means that the density is equal to 1219.4 Kg/m3. 
 
Figure 10. Compression test on vault specimen 
During the compression tests the load and the displacements were measured, aiming at obtaining the 
strains and stresses and, consequently, the Young’s modulus. The results are summarized in the 
¡Error! No se encuentra el origen de la referencia.. The average Young’s modulus and compressive 
trength of the masonry is 3118 N/mm2 and 5.90 N/mm2, respectively. Furthermore, the high value of 
Young’s modulus of the Specimen D (3803.7 N/mm2) is highlighted. 
Table 2. Results of compression tests on vault specimens 
 
E 
(N/mm2) 
fc  
(N/mm2) 
Age Collapse Load 
(kN) 
Specimen A 2801.2 5.39 6 months 219.85 
Specimen B 2767.3 5.93 6 months 241.86 
Specimen C 3099.8 6.45 6 months 263.20 
Specimen D 3803.7 5.80 10 days 236.42 
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3.4. COMPRESSION TESTS ON BRICKS. 
The kind of vault that is studied in this dissertation has some difficulties in the assessment of its 
structural performance. One of them refers to the micromodeling and is related to the position of the 
bricks in each layer. The hollow bricks used to build the vaults have a different Young’s modulus in 
each direction and, as the bricks are placed in different directions –“vertical” and “horizontal”- 
depending on the layer, the two elastic moduli should be obtained. Besides, to define the interface 
between the two layers in the simplified micromodel, the values normal (kn) and tangential (ks) are 
needed, and these two need the Young’s modulus of the brick in the third and last direction –called it 
here as “flat” direction-. 
 
Figure 11. Compression test on “vertical brick” 
Due to a lack of time, availability of the laboratory and different technical problems with the 
laboratory machines, only reliable tests on “vertical” bricks could be performed. The results of the 
experimental tests on “vertical” bricks are summarized in the ¡Error! No se encuentra el origen de la 
referencia.. The average Young’s modulus is equal to 7748 N/mm2. In this case five tests were 
performed. However, one of them was not considered as the result was totally inconsistent due to a 
mechanical error in the displacement transducer (LVDT). Five tests on horizontal bricks were also 
carried out, but results were also not consistent. 
Table 3. Results of compression tests on bricks in the "vertical” direction 
 
E  
(N/mm2) 
fc 
 (N/mm2) 
Specimen V1 7867 22.34 
Specimen V2 6613 13.89 
Specimen V3 8650 22.18 
Specimen V4 7861 25.76 
 
For the other two directions, the Young’s moduli are obtained from the experimental tests on “vertical” 
bricks, using the following equation: 
                                                                                      (Eq. 1) 
 in which F is the force, A is the solid area, Δl is the deformation and L is the length. Firstly, the Δl was 
determined based on the results of the tests of the brick in the vertical direction and using the Eq.1. 
Structural Analysis of Tile Vaults: Methods and Variables 
 
 
Erasmus Mundus Programme 
38                                                                 ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 
Then, the Young’s moduli in the other directions were obtained using the same equation and Δl, and 
updating the respective area and length. Thus, a Young´s modulus equal to 5936 N/mm2 and 
2665 N/mm2 was obtained for the “horizontal” bricks and “flat” direction, respectively. As the non-
linear properties in the simplified micromodel are placed on the interfaces and not in the units of 
brick, the fc is not necessary to be introduced in the numerical model. 
3.5. FLEXURAL AND COMPRESSION TESTS ON GYPSUM SPECIMENS. 
Gypsum is not a very common material to use in load bearing masonry elements. Therefore, it needed 
to be tested to know about its properties. Thus six specimens of 40mm x 40mm x 160mm were tested 
in flexion and the two pieces of each specimen remaining from this test were used to perform 
compression tests. Therefore, twelve specimens were tested in compression. 
In the flexural tests the punctual load is applied in the middle of the specimen and the distance 
between the two supports is 100mm. 
In the compression test, the load is applied through a surface of 40mm x 40mm. The results of the 
flexural tests are presented in the Table 4.  
 
 
Figure 12. Flexural test on gypsum specimen  
Table 4. Results of flexural tests on gypsum specimens 
Specimen 
Load 
(kN) 
ff 
(N/m2) 
ft 
(N/m2) (EHE) 
ft 
(kN/m2) (EC2) 
Y.1 3.13 7.34 0.22 3.67 
Y.2 3.42 8.02 0.24 4.01 
Y.3 3.50 8.20 0.25 4.10 
Y.4 2.84 6.66 0.20 3.33 
Y.5 2.82 6.61 0.20 3.30 
Y.6 3.08 7.22 0.22 3.61 
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Based on the results of the tests, several parameters can be obtained using different formulas. The 
flexural strength ff was calculated through the equation presented in the European Standard EN 1015-
11: 
ff    
  
   
                                                                                                                                   (Eq. 2) 
 where “F” is the maximum load, “l” is the length between the axes of the supports and “b” and “d” are 
the internal mould dimensions. 
There are different ways to calculate the tensile strength ftb, depending on the code adopted. The Table 
4 presents two different values for ftb, in which is observed that both values are extremely different. 
The Spanish code EHE presents a formula for concrete 
       
    
 
   
    
      
 
   
    
                                                                        (Eq. 3) 
where       is the flexural strength and “d” is the thickness of the specimen. 
A different equation can be found at the Eurocode 2: 
                                                                                         (Eq. 4) 
The results obtained from Eq.4 are much different because it does not take dimensions into account 
(Charry, 2010). The average of the     are equal to 3.67 N/mm2 and 0.22 N/mm2 according to the 
Spanish code EHE and EC2, respectively.  
The compression tests aim to obtain the compressive strength (Figure 13). The results of the 
compression tests are presented in the Table 5. The average compressive strength is equal to 19.56 
N/mm2. 
 
Figure 13. Compression test on specimen 
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3.6. LOAD TESTS ON TWO REFERENCE VAULTS. 
Two reference vaults were built at the same time (Figure 14), but they were tested with a time 
difference of two months. Their ages were 9 and 11 months. 
The load was an eccentric load applied at ¼ of the vault’s length and taking a surface of 0.4m2. In order 
to be able to apply it, a platform was built on the vaults to have a flat surface of 1m (matching with the 
vault’s wide) x 0.4m (Figure 15). 
Two metallic beams were placed at the supports and were perforated in order to allow two tie rods to 
be placed (Figure 15). This system was not there since the moment the vault was built, and it was 
placed before the beginning of the test. To begin applying the load, it was checked that the tie rods are 
working and will not let the supports move. Thus, the screws were moved until the LVDTs on the vault 
registered any movement. Although this is a way to avoid the supports moving outwards not even a 
millimeter, it has to be pointed out that the supports were pushed inwards and the vault could have 
suffered some pre-stress and, consequently, its initial stiffness could be higher than expected. 
 
Figure 14. Two reference vaults 
Specimen 
Load 
(kN) 
fc 
(N/m2) Specimen 
Load 
(kN) 
fc 
(N/m2) 
Y.1.1 33.80 21.13 Y.1.2 34.99 21.87 
Y.2.1 33.97 21.23 Y.2.2 24.21 15.13 
Y.3.1 36.24 22.65 Y.3.2 32.63 20.39 
Y.4.1 34.30 21.44 Y.4.2 23.48 14.68 
Y.5.1 27.49 17.18 Y.5.2 28.72 17.95 
Y.6.1 34.11 21.32 Y.6.2 31.64 19.78 
Table 5. Results of compression tests on gypsum specimens 
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Figure 15. Preparing the load test 
3.6.1. Load test on first reference vault 
Four LVDTs were placed to monitor the test of the first reference vault (Figure 16). Although 
monitoring displacements in some other points, horizontal thrusts and strains would be idealistic, the 
available tools were limited. The distribution of the four LVDTs is presented in Figure 17. 
 
Figure 16. Load test on the first reference vault 
 
Figure 17. LVDTs distribution in the first reference vault 
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The average between the values (“central middle”) from the two central LVDT’s placed at the edges of 
the vault was calculated. The “central middle” data is showing the displacements in the central point of 
the vault, both regarding the width and the length, which is assumed as reference point. However, the 
two “lateral” LVDTs are giving information about the displacements on the edges. It is observed that 
the “central 1” is positive whereas the “central 2” is negative, meaning that one edge is going up and 
the other one is going down (  
 
Table 6). Due to this torsion phenomenon, the direction of displacements is not the same in every 
section.  
As expected, the part of the vault where the load is applied lowers, whereas the opposite part goes up 
(Figure 18). The “central middle” goes up, but very slightly. The displacements at this point are usually 
so small that it is difficult to take it as a reference point. Even insignificant errors in the geometry of 
the vault may make little variations in the displacements of the central points, which may change the 
direction of them (usually around zero) due to its very small size. 
 
Figure 18. Load-deformation curve of the load test on the first reference vault  
 
Table 6. Load and displacements (in mm) of the first reference vault 
Load 
 (kN) Central 1  Central 2  Lateral Opp.Side  
Lateral Load 
Point  
Central 
middle 
0.00 0.000000 0.000000 0.000000 0.000000 0.0000000 
3.75 0.115964 -0.225498 0.003790 0.083205 -0.0547670 
6.40 0.264684 -0.484942 -0.060729 0.485725 -0.1101290 
10.00 0.513848 -0.843412 -0.279227 0.885254 -0.1647820 
13.50 0.786352 -1.268292 -0.715672 2.066166 -0.2409700 
15.00 0.883055 -1.475382 -1.057553 2.726035 -0.2961635 
15.50 0.965313 -1.579728 -1.302702 3.014563 -0.3072075 
16.00 0.994480 -1.649644 -1.472787 3.326839 -0.3275820 
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During the load test no cracks were visible and the collapse occurred suddenly in a brittle manner. The 
ultimate load was 16kN. After collapse, the logical mechanism of four hinges could be inferred from 
the biggest pieces of the broken vault.  
 
Figure 19. First reference vault after collapse 
3.6.2. Load Test on Second Reference Vault 
Four LVDTs were placed again to monitor the vault’s displacements of the second reference vault 
(Figure 20). However, in this test the LVDTs were placed in a way that information about the 
displacements of three points of the central section could be obtained. The distribution of the four 
LVDTs is presented in the Figure 21. 
 
Figure 20. Load test on second reference vault 
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Figure 21. LVDTs distribution in second reference vault 
The load-deformation curves of this test present also an extraordinarily high initial stiffness (Figure 
22). This fact can be related with several factors such as problems with the equipments or the above 
mentioned metallic beams placed at the supports to counteract the horizontal thrusts.    
 
 
Figure 22. Load-deformation curve of the load test on the second reference vault 
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Table 7. Load and displacements (in mm) of the second reference vault 
LOAD  
(kN) Lateral Opp. side Central Lateral 1 Lateral 2 Lateral Load Point 
0.00 0.000000 0.000000 0.000000 0.000000 0.0000000 
2.00 0.013837 0.150564 0.002353 0.000698 0.0015255 
4.00 0.018279 0.322559 0.053944 -0.001397 0.0262735 
5.75 -0.000272 0.512177 0.06782 0.003279 0.0355495 
6.75 0.009638 0.632121 0.149974 0.000455 0.0752145 
8.75 0.052267 0.914749 0.155537 0.006741 0.0811390 
11.00 0.034261 1.324244 0.155292 0.011357 0.0833245 
12.50 -2.067948 0.747651 3.497242 2.852123 3.1746825 
12.50 -2.387384 0.732658 4.252463 3.567765 3.9101140 
12.50 -2.436298 0.732779 4.256681 3.572198 3.9144395 
13.19 -4.045562 0.058551 5.326123 3.570650 4.4483865 
 
The ultimate load was 13.19kN. A notable plastic behavior was observed during the load test and a 
crack was reported. The crack was located on a single brick under the load at the edge of the vault 
(Figure 39). As in the first reference vault, the failure mechanism could be deduced from the collapsed 
vault.  
3.7. CONCLUSIONS. 
The lack of tools, time, budget and space to build the vaults inside the laboratory to apply a load with 
the proper machine, made some tests impossible to perform and some results not entirely reliable. 
Despite the difficulties, enough tests to accomplish successful structural analyses of the proposed 
vaults were executed. 
Vault specimens were tested under compression obtaining an average Young’s modulus and 
compressive strength of the masonry equal to 3118 N/mm2 and 5.90 N/mm2, respectively. Tests on 
bricks in the vertical direction (Figure 11) provided an average Young’s modulus equal to 
7748 N/mm2. Regarding the tests on gypsum specimens, the average of the tensile strength is equal to 
3.67 N/mm2 and 0.22 N/mm2 according to the Spanish code EHE and EC2, respectively, whilst the 
average compressive strength is equal to 19.56 N/mm2. 
Two vaults were loaded, reaching ultimate loads equal to 13.19kN and 16.00kN. The mechanism 
causing failure consisted in four hinges (Figure 40) in the places where they were expected to be 
produced.  
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Chapter 4 
4. ASSESSMENT OF THE REFERENCE VAULT 
“The study of historical masonry structures demands a combined experimental and numerical research 
program in order to obtain adequate material characterization, which is used both to supply data to 
numerical models and to validate the respective numerical results.” (Oliveira, 2003) 
 
 
 
 
The reference vault will be assessed using Limit Analysis and Finite Element Method, performing a 
non-linear analysis with a macromodel and a simplified micromodel. 
4.1. LIMIT ANALYSIS METHOD 
 
Limit analysis method is a commonly used method to asses masonry arches based on plasticity theory. 
Failure occurs then due to the generation of a (plastic) mechanism (Pelà & Roca, Master SAHC 2012). 
As explained in chapter 2, Jacques Heyman set the modern basis for limit analysis and formulated his 
famous hypothesis in 1966: 
1) Masonry has null tensile strength 
2) The compression strength of the material is infinite  
3) Sliding between stone blocks is impossible 
Limit analysis applies theorems to assess the structures: 
The safe or lower-bound theorem: a lower bound of the ultimate load can be found. It is the thrust line 
inside the boundaries of the structure and in equilibrium with the external loads; a state of equilibrium 
statically admissible. 
The upper bound theorem: an upper bound of the ultimate load can be found. Placing hinges in the 
arch and assuming a mechanism, this upper bound is the load applied to have an external forces’ work 
equal to zero.  
The uniqueness theorem: if the static approach (lower-bound theorem) and the kinematic approach 
(upper bound theorem) coincide, a limit state is reached and the thrust line is unique. 
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4.1.1. Properties and model adopted 
A model should be drawn and the arch should be divided in voussoirs . In this case, the vault’s section 
was divided in 30 voussoirs. From the experimental tests, a density of the masonry equal to 12.19 
kN/m3 was obtained. Each voussoir has a volume of 0.0087 m3, so its weight is 0.106KN. Two different 
loads are applied. First, a quick attempt with a punctual load is done, afterwards the load is applied on 
the length of 40 to replicate the way the experimental test was carried out. 
4.1.2 Punctual load. 
In the first limit analysis a punctual load was applied at ¼ of the length of the arch (Figure 23).   
 
Figure 23. Graphic statics model for the reference vault. Punctual load. 
 
Safe (or Lower-Bound) Theorem 
The first attempt to find the ultimate load with graphic statics was close to the collapse load obtained 
in the load tests on the real vault. However, after several attempts lowering the load, the final value 
has been 2.6kN.  
 
Figure 24. Static approach to the reference arch loaded with a punctual load 
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The load obtained is a lower bound of the ultimate load, but it has been obtained carefully after several 
attempts and the position of the thrust line is almost tangent to the edge of the vault. Therefore, it is 
expected that from the upper bound theorem derives a very close value. 
Upper Bound Theorem 
To perform the kinematic approach, the process followed was: 
 The hinges and the VLB value have to be defined from the previous graphic approach. In this case VLB = 
2.6kN. A division of the arch in the three blocks causing the mechanism has also to be done. 
The force vectors P1, P2 and P3, self-weight of each block, should be calculated and their position in 
the arch located. 
The three rotation points and the values L1b, L2a, L2b, L3a, Xp1, Xp2, Xp3 and Xlb have to be obtained. 
 
 
 
Figure 25. Kinematic approach to the reference arch loaded with a punctual load 
 
After having these values, the upper bound of the ultimate load has to be calculated, equating the work 
of the external forces to zero. 
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Table 8. Values from the kinematic approach of the reference vault loaded with a punctual load 
 
λ VALUE 
     W= (Wp1'+Wp2'+Wp3') + λ ΣWv)=0 
 
     λ = 1.91818073 = 1.02 
 
 
1.872 
   
     VALUE OF Vub 
     Vub = λ·V =  2.66 kN 
  
     ERROR of V approximation 
     error=100·(Vub-Vlb)/Vub = 2.41 % 
     APPROXIMATION TO A NEW Vlb VALUE 
     Vlb' = Vub + Vlb = 2.63 kN 
     
 
2 
   The upper bound of the ultimate load obtained in this attempt is 2.66kN. The error between the values 
from both approaches is 2.41%. More iteration could be done, aiming at reducing the error.  
VALUE OF Vlb 
 
DISTANCES: HINGES - ROTATION CENTRES 
Name 
Value 
(kN) 
    
Name Value (m) 
   Vlb 2.6 
    
L1b (C1-B) 0.78 
   
      
L2a (B-C2) 0.31 
   BLOCK 1 
 
L2b (C2-C) 0.88 
   
  
Area  
(m2) 
Width  
(m) 
Density  
(kN/m3) 
SelfLoad  
(kN) 
 
L3a (C-C3) 1.14 
   arch (P') 0.0662 1 12.19 0.81 
      load (P'') 0 0 0 0 
 
DISTANCES: FORCES - ROTATION CENTRES 
Total(P1)       0.8 
 
Name Value (m) 
   BLOCK 2 
 
Xp1 0.34 
   
  
Area 
 (m2) 
Width 
 (m) 
Density 
 (kN/m3) 
SelfLoad  
(kN) 
 
Xp2 0.30 
   arch (P') 0.0988 1 12.19 1.20 
 
Xp3 -0.56 
   load (P'') 0 0 0 0 
 
Xlb 0.72 
   Total(P2)       1.20 
      BLOCK 3 
 
K VALUES 
  
Area  
(m2) 
Width  
(m) 
Density  
(kN/m3) 
SelfLoad  
(kN) 
 
Name Value 
   arch (P') 0.0968 1 12.19 1.18 
 
K1 1.00 
   load(P'') 0 0 0 0 
 
K2 -2.52 
   Total(P3)       1.18 
 
K3 1.94 
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Uniqueness Theorem 
The error obtained in this process is acceptable in this case for the purposes of this research. 
Therefore, it can be said that the ultimate load is approximately 2.63kN.  This load is between 5 and 6 
times smaller than the collapse load from the load tests. 
4.1.3. Distributed load. 
The extremely low ultimate load obtained from the limit analysis in comparison with the experimental 
results makes it inadequate to make an analysis optimizing material.  
Higher values of the ultimate load from the distributed load model are expected, although the 
difference might not be big. 
 
Figure 26. Graphic statics model for the reference vault. Load distributed on 40 cm. 
The ultimate load obtained is equal to 3.5kN. It is almost 1kN more than the load obtained with the 
punctual load, but still very far from the experimental results. 
 
Figure 27. Static approach to the reference arch loaded with a distributed load 
 According to this analysis, the ultimate load that the vault can stand is 4 times smaller than the 
smaller collapse load from the two experimental tests. For the purposes of this dissertation, these 
results are enough clarifying and sufficient to draw conclusions and make method’s comparisons. 
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4.2. NON-LINEAR ANALYSIS WITH FEM: MACROMODEL 
The model used in this non-linear plane stress analysis is a constitutive 2D model based on total strain, 
also called -`Total Strain Crack Model'-, which describes the stress as a function of the strain. This 
concept is known as hypo-elasticity when the loading and unloading behavior is along the same stress-
strain path. The elements used are quadrilateral isoparametric plane stress elements based on 
quadratic interpolation and Gauss integration (DIANA 9.4, software Manual). 
 
Figure 28. DIANA plane stress element -"CQ16M"- 
Some parameters of the non-linear behavior should be defined in the model, such as compressive, 
tensile and shear behavior. The functions which will model the crushing behavior of the masonry, the 
tension softening and the constant shear retention after cracking are shown respectively in the next 
figures: 
                                                 
  Fig. 29. Predefined comp. behavior                   Fig. 30. Predefined tensile softening                Figure 31. Constant shear retention 
The load is applied in steps, applying first the self-weight in ten steps and then the overload is applied 
also in steps in a length of 40 cm at a quarter of the span of the vault until failure. 
 
Figure 32. Mesh and applied load at the macromodel of the reference vault 
The adjustment of the model was a process of attempt, comparison, readjustment and attempt again. 
Two main decisions had to be taken to adopt the final model: 
1) What final values -reflecting the material properties- to take to introduce them in the model. 
2) What boundary conditions are the most adequate. 
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4.2.1. Decision on the values to introduce. 
The idealistic case would be that just introducing the values from the experimental tests the graphics 
load-displacements of the chosen points of the numerical model would exactly match with the graphic 
that was obtained at the load test. As every specimen and load test is different, specially dealing with 
masonry, that normally does not happen, or at least in this specific case it was more complicated than 
that.  
As said above, the graphics obtained from the load tests had a very high slope at the beginning due to 
the “pre-stress” to which the structure was probably submitted. That means that, just applying the 
vertical load to the model, with the material properties from the experimental tests, a line at the 
graphic matching the experimental one, will never be possible. Knowing this, various attempts were 
carried out to find a close line. To achieve such a high stiffness, the Young’s modulus of the material 
obtained in the experimental tests had to be multiplied by six. It is not uncommon to admit a little 
variation in the values –depending on which value and the quantity-, but such an increase is 
unacceptable. Therefore, a deviation in the load-displacement graphic line from the numerical model 
in relation to the experimental one is expected. 
The values adopted for the macromodel are presented in the Table 9. 
Table 9. Material properties for the macromodel 
 
Young’s modulus Poisson ratio Density Tension Compression 
 
E ν ρ ft GfI fc Gfc 
 
N/mm2 - kg/m3 N/mm2 N/mm N/mm2 N/mm 
Masonry 3200 0.15 1219.4 0.24 0.14 5.90 9.44 
 
The Young’s modulus (E), the compressive strength (fc) and the density (ρ) were obtained at the 
experimental tests. As fc>12N/mm2, the compressive fracture energy (Gfc) can be calculated with the 
equation (Lourenço, 2009) 
Gfc= d·fc,                                                                                  (Eq. 5) 
where the value d=1.6mm is recommended. The Poisson ratio (ν) has also been carefully selected from 
literature and the tensile strength (ft) has been estimated approximately 5% of the compressive 
strength. Tensile strength and tensile fracture energy (GfI) have been mainly the two parameters used 
to calibrate the model. A shear retention equal to 0.10 was assumed. 
4.2.2. Decision on the boundary conditions. 
The main problem when facing such a decision is that surely nor the pinned solution not the 
embedded one is the real one. Probably the reality is just in the middle. For this dissertation, one of the 
two of them will be chosen and then calculations will continue, been aware of the decision taken.  
The observation of the points where the hinges where created during the load test could be helpful. If 
the hinges are not created at the supports, but higher in the vault, that would be definitely indicating 
that the supports should be embedded. In this case study, both cases were found, as it can be observed 
in Figure 33 and Figure 33. 
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                     Figure 33. Hinge a bit higher than the support                                 Figure 34. Hinge at the support 
 
If the supports are pinned, the two hinges that are logically created at those two places would be there 
even before the beginning of the loading process –two of the four hinges needed for collapse would be 
already there-, which is not consistent with reality.  
Attempts have been done with both kinds of supports. Figure 35 shows the load-displacement graphic 
at the point which is the center of the surface where the load is applied (except for the “First reference 
vault”, which was taken at the edge of the vault –explained in chapter 3.5.1.); in this graphic two 
models are presented, both of them were defined with the values showed above in Table 9, but they 
have different boundary conditions. 
 
Figure 35. Load-deformation curve of the point where the load is applied to compare models with different boundary 
conditions. 
 
Considering the Young’s modulus (E), compressive strength (fc), density (ρ), compressive fracture 
energy (Gfc) and Poisson Ratio (ν) are fixed parameters, calibrating the tensile strength (ft) and tensile 
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fracture energy (GfI), an adjustment of the “pinned” model is done, to try to match with the real vault’s 
behavior (Figure 36). 
 
Figure 36.Load-deformation curve of the point where the load is applied to check the accuracy of one "pinned model" 
In the process of adjustment the values of GfI and ft had to be increased too much, being the tensile 
strength almost 14% of the compressive strength and the tensile fracture energy 0.34N/mm. These 
values seem too high in comparison with the “embedded model”, which seem much more reasonable. 
For all these reasons, the numerical model with supports embedded was adopted, which is much more 
faithful to reality. 
4.2.2. Adopted macromodel and results. 
The adopted model then is a macromodel composed by 8-noded quadrilateral plane stress elements to 
which the material properties shown above in table 9 have been assigned. It has the supports 
embedded, so four hinges are expected to appear in the analysis. Self-weight is applied first in 10 
steps; afterwards the overload is applied also in steps. 
The load-displacement graphics of the two control points (“load point” –node 169 of the model- and 
“opposite side point” –node 521-) in relation to the curves from the experimental tests are shown in 
the Fig. 37. 
 
        Fig. 37. Num.-Exp. comparison. Macromodel, node169                  Fig. 38. Num.-Exp. comparison. Macromodel, node 521 
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As it can be seen in the graphics and was discussed in chapter 3.5., the expected difference in the initial 
stiffness is very clear. 
As said also in chapter 3, the displacement values defining the two curves from the first reference vault 
were taken from the edges of the vault, and not from the center (Figure 17).  Due to a quite notable 
torsion effect, these values are not the same as the ones in the central section of the vault. Observing 
the direction of the displacements in each point and the torsion effect, we can conclude that in the case 
of the side where the load is applied, the central point goes down more than what is measured by the 
LVDT in the edge. In the opposite side the central point goes up more than what the LVDT measured in 
the edge. This is also in agreement with the curve of the “first reference vault”, which shows less 
displacement in both graphics. 
About the ultimate load, a load in between the results of the two experimental tests was achieved.   
During the load tests of the two vaults, no hinges or cracks were visible except for one crack in a brick 
under the load (Figure 39). The crack was only affecting that single brick and it did not continue 
through the width of the vault. 
 
Figure 39. Crack during load test 
However, the collapse mechanism could be inferred by observing the broken vault and the pieces that 
were created from the collapse (Figure 40).  
 
Figure 40. Hinges observed after collapse 
The hinges observed in Figure 40 are the expected ones. The numerical analysis results also reflect the 
formation of these four hinges through the process of loading step by step. The exact moment of the 
“hinge creation” is difficult to determine. However, the figure 40 show principal strain graphics in each 
moment of the loading process where a hinge is starting to appear. 
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Figure 41. Principal tensile strains, hinges and deformed shape of the reference vault’s macromodel 
The hinges created by the FEM software DIANA are in agreement with the ones that the theory of 
masonry structures state as logical and they also match with the observations at the load test. 
The moments captured from the loading process in the principal strains graphics, can also be 
translated to the load-displacement curve, as shown in Figure 42: 
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Figure 42. Load-deformation curve with hinges. Macromodel of the reference vault. 
The formation of a hinge means a decrease in the stiffness of the vault, which is translated to a little 
deviation on the direction of the curve in each hinge formation along its length. However, because 
these changes of slope are quite small, they may not be evident in this case. 
The collapse of the structure happens when the fourth hinge is created, so it should happen at the top 
of the load-displacements curve. However, as said above, the four points in the graphic indicate the 
approximate moment when the hinge starts to develop. 
 
4.3. NON-LINEAR ANALYSIS WITH FEM: SIMPLIFIED MICROMODEL 
The model used in this non-linear analysis is a simplified micromodel with zero thickness interfaces. 
The elements used are the same quadrilateral isoparametric plane stress elements as in the 
macromodel, and the interfaces are six-nodes elements based on quadratic interpolation (DIANA 9.4, 
software Manual). 
The units are modeled as elastic continuum elements whereas the joints are inelastic interface 
elements. The composite interface model has been developed according to the plasticity theory. Across 
the interface non-linearity is set between stresses and relative displacements.  
The composite yield surface for the composite interface elements is defined by the function presented 
in Figure 43, where fm is the compressive strength, ft is the tensile strength, tt is the shear traction, tn is 
the normal traction and c is the cohesion. 
 
Figure 43. Composite interface model (Lourenço, 1996) 
Structural Analysis of Tile Vaults: Methods and Variables 
 
 
Erasmus Mundus Programme 
ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 59 
The functions defining the behavior of the model in compression, tension and shear are: 
 
             Fig 44. Behavior in compression                  Fig 45. Behavior in tension               Fig 46. Behavior in shear (Lourenço,1996) 
The loads are the same as in the macromodel. However, two different unit materials and three 
different interfaces are defined. The two units are the bricks in the “vertical direction” for the first 
layer and in “horizontal direction” for the second one. The three interfaces are: the one made with 
gypsum and between Bricks V (vertical), the one between the two layers made with mortar and 
between Bricks V and Bricks H (horizontal) and the one made with mortar and between Bricks H. 
 
Figure 47. Construction elements of two-layer tile vault 
 
 
Figure 48. Units and interfaces of the simplified micromodel 
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4.3.1. Adopted micromodel and results. 
The process of adjustment of the model was similar to the one done for the macromodel. The values of 
Young’s modulus of the different materials were increased to fit the curve from the experimental 
results. The values were not consistent as they were, depending on the material, even 5 times bigger 
than the Young’s modulus obtained in the experimental results or consulted in the literature. 
With the objective of corroborating what was concluded for the case of the macromodel, different 
boundary conditions were also attempted, reaching the same conclusions obtained for the 
macromodel. 
The material properties adopted for this model are presented in the Table 10, Table 11 and Table 12. 
Table 10. Young and shear modulus of the materials 
 
E G 
 
N/mm2 N/mm2 
Bricks V 7750 3370 
Bricks H 6000 2609 
Mortar 1800 783 
Gypsum 100 43 
Bricks V-H 2700 1174 
 
Table 11. Linear properties of the interfaces and units 
  Young modulus Poisson ratio Normal stiffness Shear stiffness 
Element E ν kn ks 
  N/mm2 - N/mm3 N/mm3 
Bricks V (first layer) 7750 0.15 - - 
Bricks H (second layer) 6000 0.15 - - 
Interface 1 (V-V, gypsum) - - 13 6 
Interface 2 (H-H, mortar) - - 321 140 
Interface 3 (V-H, mortar) - - 675 293 
 
Table 12. Nonlinear properties of the interfaces 
  Tension Shear Compression 
Element ft GfI c  tanϕ tanφ GfII fc Gfc kp 
  N/mm2 N/mm N/mm2 - - N/mm N/mm2 N/mm N/mm2 
Interface 1 0.80 0.14 1.20 0.75 0 0.093 19.0 21.87 10 
Interface 2 0.32 0.14 0.48 0.75 0 0.093 7.50 12.00 10 
Interface 3 0.32 0.14 0.48 0.75 0 0.093 7.50 12.00 10 
 
The Young’s moduli of the bricks in the three directions was obtained from the experimental tests and 
calculations explained in chapter 3.3. Young’s moduli of mortar and gypsum and Poisson ratio of 
bricks were taken from the literature and the commercial sheets from the producers. 
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The shear modulus (G) was derived using the expression 
  
 
       
                                                                               (Eq. 6) 
Normal and shear stiffness were calculated by applying the formulas (CUR 1997) 
   
     
          
                                                                          (Eq. 7) 
   
     
          
                                                                          (Eq. 8) 
in which Eu and Em are the Young’s moduli and Gu and Gm are the shear moduli of the unit and the 
binder, respectively, and hm is the joint thickness. In this case, joints have an average thickness of 8 
mm. 
The compressive strength, fc, of the gypsum was obtained at the experimental tests and that of the 
mortar was taken from the commercial sheet of the producer (“grey dry mortar 7.5”). The compressive 
fracture energy was derived from two different expressions depending on fc (Lourenço, 2009). The 
value from Model Code 90 was used:  
                         
  (N/mm), for fc between 12 and 80 N/mm2                 (Eq. 9) 
          for fc < 12N/mm2, d = 1.6mm is suggested (maximum from Model Code 90)      (Eq. 10) 
The values of tanϕ, tanφ, GfII and kp are recommended values selected from literature and cohesion, c, is 
estimated as 1.5ft (Lourenço, 2009). 
As for the tensile strength and tensile fracture energy, as indicated in last section for the macromodel, 
tensile strength is approximately 5% of compressive strength and those values, ft and GfI, have been mainly 
the two parameters used to calibrate the model. 
The load-displacement graphics of the two control points (“load point” –node 294 of the model- and 
“opposite side point” –node 2215-) in relation to the curves from the experimental tests are shown in 
Fig. 49. 
 
      Fig. 49. Num.-Exp. comparison. Micromodel, node294                Fig. 50.Num.-Exp. comparison. Micromodel, node2215 
 
Like done with the macromodel, through a detailed examination of the loading process and the strains 
provoked, the approximate moment when the hinges start to develop can be identified.  
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Figure 51. Principal strains and hinges. Deformed shape. Micromodel Reference vault 
 
The moments captured from the loading process in the principal tensile strains graphics, can also be 
translated to the load-deformation curve, as shown in Figure 52. 
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Figure 52. Load-deformation curve with hinges. Micromodel of the reference vault. 
 
The peak point of the graphic is the failure point and will be the moment where the creation of the four 
hinges is completed. 
4.4. COMPARISON OF RESULTS 
Although the ultimate load capacity of both models is almost the same, the displacements are different, 
especially the ones registered at the point placed at the opposite side of the loading point.  
 
   Fig 53. Load-def curve. Macro vs Micro at the load point.      Fig 54. Load-def curve. Macro vs Micro at the opposite side point 
 
None of the models match exactly with the experimental results, but that would be impossible as two 
different results from the load tests were obtained. Therefore, an approximation to both of them, i.e. an 
attempt to be in “the middle” of them in terms of load bearing capacity and displacements has been 
carried out (as explained above, initial stiffness is not similar). Results are shown in Figure 55 and 
Table 13. 
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       Figure 55. Macro vs micro. Initial stiffness. Ref. vault                           Figure 56. Macro vs micro at the peak. Ref. vault 
 
. 
 
The ultimate load capacity of the two models is approximately in the average of both experimental 
tests. However, that does not happen with the displacements at the “load point”. In this matter, 
macromodel’s results are only a bit lower than the experimental results, whereas micromodel’s differ 
more.  
As it can be seen in Figure 41 and Figure 51showing the creation of hinges, the strains in the 
micromodel’s graphics can locate better the position of the hinges as the model itself is defined with 
more detail. On the other hand, the hinges in the macromodel appear as a diffuse colored stain. 
4.5. CONCLUSIONS 
Limit analysis usually pictures realistically the collapse and capacity of masonry arches and it is 
normally a reliable tool to asses this kind of structures. In this case study, the results were too far from 
the experimental results, making it impossible to make a precise analysis. Heyman’s hypothesis might 
be the reason of this deviation. One of them limits the material capacity by stating that it has null 
tensile strength. The distribution of the layers and the bricks on them, in a word, the technique of tile 
vaulting, may be the reason why tensile capacity in this structures is bigger than in other kind of 
masonry structures. Just to illustrate this capacity one of the experiments with “Catalan vaults” made 
by this dissertation’s author is shortly related: a vault built by the author at the School of Architecture 
of Barcelona had to be demolished due to space requirements. The wish to preserve it stopped the 
demolition and it was moved to another place: it was cut at the height of the supports and moved with 
the help of several students as if it was a rigid body. Just a couple of bricks that were damaged during 
the cut of the supports fell from the edge of the vault.  
Table 13. Comparison of numerical and experimental results. 
 
Displacement at the "load point" 
(mm) 
Ultimate load capacity 
(kN) 
Initial Stiffness 
(kN/mm) 
Macromodel 3.1 14.37 10.9 
Micromodel 2.6 14.25 12.62 
First Reference Vault 3.3 16.04 45.23 
Second Reference Vault 4.4 13.19 115.96 
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Tile vaults might not be “cohesive” structures as Rafael Guastavino asserted, but they do have tensile 
capacity, little, but existing. 
This may be the reason for the big error in predicting the ultimate load capacity of the tile vault, and it 
makes limit analysis too conservative in its analysis of this kind of structures. Having already drawn 
these conclusions, regarding the information given by this method in this case and taking into account 
the objectives of this dissertation, the assessment of the next vaults with limit analysis was not carried 
out. 
 
In what concerns the Finite Element Method and comparing both kinds of models, it is concluded that: 
The numerical model did not present a behavior exactly like the real specimen, which is not alarming, 
because no specimen will be equal to the next one. Both models presented are acceptable and can 
explain the vault’s behavior with a reasonable accuracy. However, the macromodel seems to be more 
correct especially in the displacements, showing a larger plastic behavior before the peak load.  
The micromodel could still be adjusted to reach a better accuracy in replicating the real behavior of the 
vault, but that could be an everlasting process. In terms of economy of time, macromodels are much 
more worthwhile. The high amount of properties that have to be introduced in the micromodel makes 
it much more difficult to adjust, not to mention the difficulty of its geometrical definition.  
Taking these reflections in consideration, the vaults assessed in the next chapters will be analyzed 
with the Finite Element Method using macromodels.   
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Chapter 5 
5. FROM ACADEMIC TO PROFESSIONAL PRACTICE 
“Masonry is a material which exhibits distinct directional properties due to the mortar joints which act as 
planes of weakness. Large number of influence factors, such as anisotropy of units, dimension of unit joint 
width, material properties of the units and mortar, arrangement of bed as well as head joints and quality 
of workmanship, make the simulation of masonry difficult” (Senthivel and Lourenço, 2009). 
 
 
 
 
 
 
5.1. STATEMENT OF THE PROBLEM 
The academic and professional fields are not always connected, which is not bad as it allows the 
university to be independent, go deeper in certain aspects that may not have a direct output in the 
market and do research in fields that are not necessarily profitable. On the other hand, this 
dissertation has, among others, the objective of being used as a practical guide when facing a project 
related to tile vaults or any other kind of masonry structures. 
The possibility of building a vault to test it until collapse during the process of a project is not usual. 
That means that no calibration of the model can be done and many uncertainties about the results will 
be present. This is, unfortunately, the real situation in many of the current projects involving Catalan 
vaults: a lack of information about the material properties threatens the accuracy of the structural 
assessment. Thus, sadly, too many restoration projects involving Catalan vaults end up demolishing 
the vault due to inappropriate conclusions of wrong structural analyses. 
This chapter, by simulating the conditions of a project facing the restoration or the construction of a 
new vault, seeks to show a typical situation of an engineer or architect trying to solve a problem with 
too many variables.  
This situation presented, aiming at replicating a standard situation in the professional field, consists of 
the structural analysis of the reference vault, with the possibility of performing the experimental tests 
in chapter 3, except for the load tests on the vaults, which means no possibility of calibrating the 
model.  
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5.1. PROCESS OF ASSESSMENT 
Graphic statics is the first tool normally used in these cases. It is quick, easy and it only requires 
density and geometry information,  
The Finite Element Method would be the next type of analysis to use. Micromodels hardly are used in 
most professional projects due basically to the high cost in terms of time. Nevertheless, the use of 
macromodels is very common. The material properties from the experimental tests can be used, but 
there is no way to compare the results with experimental results or to calibrate the model. 
The properties that are not obtained from the tests, are selected from similar projects in literature 
(Lourenço, 1996). The properties used are shown in the next table: 
Table 14. Material properties of the macromodel without calibration 
 
The only values that were not obtained from the laboratory tests are ft and GfI. The value of the tensile 
strength is 5% of the compressive strength and the tensile fracture energy is the recommended in the 
reference literature (Lourenço, 1996). Note that the big difference of these values and the corrected 
ones from table 9 is the tensile fracture energy, which is more than 11 times bigger in the calibrated 
model. 
5.3. RESULTS 
Graphic statics analysis, showed an ultimate load of 3.5kN whereas the numerical model increases that 
value until 6.66kN (Figure 57). 
 
Figure 57. Load-deformation curve at the load point. Comparing the "simulation" with the experimental values 
 
Young’s modulus Poisson ratio Density Tension Compression 
 
E ν ρ ft GfI fc Gfc 
 
N/mm2 - kg/m3 N/mm2 N/mm N/mm2 N/mm 
Masonry 3200 0.15 1219.4 0.295 0.012 5.90 9.44 
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The two values differ greatly and both of them are very far from the experimental results, which values 
are more than twice the numerical results. 
5.4. CONCLUSIONS 
An important doubt will be created by the divergence of the values obtained from the two different 
analyses, and probably many architects or engineers would base their design on the graphic statics 
results, which is logical as it would be the safer way to act.  
However, performing this way, they would be for sure wasting material, money and aesthetic 
possibilities, as the design would be affected by an important lack of information, or better said, by 
wrong information. 
The important advice to give is to keep always in mind the specific behavior of this kind of masonry 
structures, in which tensile strength can be taken into account. Therefore, it should be reminded that 
graphic statics will usually give much lower ultimate loads than the real ones and the recommended 
value of the tensile fracture energy for the FEM, although correct for general masonry structures, can 
be increased considerably when facing a tile vault with similar materials as the ones used to perform 
this research. 
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Chapter 6 
6. STUDY OF THE PROPOSED VARIABLES 
“In the case of a historical construction, history must be understood as the basic element of study and the 
main source of evidence. The experimental and numeric analyses, however necessary, provide only  an 
auxiliary tool by means of which the adequate interpretation of the historical evidence becomes more 
objective” (Roca, 2001). 
 
 
 
 
 
The results of the assessment of the two vaults in this chapter will be compared with the ones 
obtained for the reference vault to obtain information to be used not only when facing the decision of 
building a new vault, but also when facing a restoration project in which a reinforcement has to be 
implemented. Here two options are presented: reinforcement by applying a new layer of bricks and by 
building stiffeners. 
6.1. ASSESSMENT OF THE VAULT WITH THREE LAYERS 
6.1.1. Adopted macromodel 
The same kind of analysis, material properties, elements and load exposed in chapter 4 for the 
macromodel of the reference vault is now adopted for the assessment of this new vault.  
 
Figure 58. Mesh and applied load at the macromodel of the vault with three layers 
It has to be taken into account that the properties that will be introduced in the software to perform 
the analysis are the ones obtained after adjusting the reference vault’s model. These values came 
mostly from the experimental tests with specimens of a two-layered vault, which properties may differ 
from a three-layered vault. In a vault with two layers, the first layer is made with gypsum and bricks in 
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“vertical position” and the second layer with cement mortar and bricks in “horizontal position”. An 
additional third layer would have as materials mortar and bricks in “vertical position”.  
6.1.2. Results  
The failure mechanism showed by the non-linear analysis of the three-layered vault consisted of four 
hinges in the expected places (Figure 59). 
 
 
 
Figure 59. Principal tensile strains graphics and hinges of the three-layered vault. 
 
The obtained ultimate load capacity is 59.91kN and the displacement at the “load point” is 4.09mm. 
The first two hinges start to develop in the range of values of load between 8kN and 12kN, and the 
third and fourth ones in a range between 26kN and 34kN (Fig. 60). Such results suggest the generation 
of the hinges “in pairs” in each side of the vault (see position of the pairs of hinges in Figure 59).The 
initial stiffness is 32.11kN/mm. 
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Fig. 60. Load-def. curve at the load point of the 3-layered vault  Fig. 61. Load-def. curve at an initial state of the 3-layered vault 
6.2. ASSESSMENT OF THE VAULT WITH STIFFENERS 
6.2.1. Adopted macromodel 
The same kind of analysis, material properties, elements and load exposed in chapter 4 for the 
macromodel of the reference vault is now adopted for the assessment of this vault.  
 
Figure 62. Mesh and applied load at the macromodel of the vault with stiffeners 
A common arrangement of the stiffeners is every 50 cm. Two stiffeners would fit in the vault as it is 1m 
wide. In the plane stress analysis performed, the model is drawn in 2D and a thickness should be 
applied to the different elements. The thickness applied to the stiffeners was 8cm (two one-layered 
stiffeners), whereas the one applied to the vault was 1m (Figure 63). The stiffeners have the same 
material properties of the vault masonry. 
 
 
Figure 63. Arrangement of the stiffeners in 3D and 2D. 
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6.2.2. Results 
The failure mechanism showed by the non-linear analysis of the vault with stiffeners consisted of four 
hinges in the expected places (Figure 64). 
 
 
Figure 64. Principal tensile strains and hinges. Deformed shape. Macromodel of the vault with stiffeners. 
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The obtained ultimate load capacity is 18.22kN and the displacement at the “load point” is 2.90mm 
(Fig 65). The initial stiffness is 14.71kN/mm (Fig 65). 
 
 
          Fig 65. Load-def. curve of the vault with stiffeners.        Fig 66. First part of the load-def. curve of the vault with stiffeners 
 
6.3. COMPARISON OF RESULTS 
The analysis of the two vaults in this chapter aims to establish the influence of both parameters 
changed. The comparison of these results and the conclusions drawn can be also taken in 
consideration when facing the strengthening of an existing arch. Comparison of results is pictured in 
Figure 67 and listed in Table 15. 
 
Figure 67. Comparison of the vaults studied. 
The two variables altered in regard to the reference vault gave an increase of the ultimate load 
capacity and the initial stiffness. However, although both new vaults mean an improvement, the 
results obtained with the three-layered vault are considerably better.   
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Building stiffeners increases the ultimate load capacity in 3.85kN (27%) and the initial stiffness in 
3.73kN/mm (34%). However, a more brittle collapse is detected. 
Adding a third layer to the reference vault increases the ultimate load capacity in 45.54kN (317%) and 
the initial stiffness in 21.45kN/mm (196%). 
Table 15. Comparison of results of the vaults studied 
 
Ultimate load 
capacity 
 
kN 
Increase of peak 
load 
 
% 
Initial 
stiffness 
 
kN/mm 
Increase of 
initial 
stiffness 
% 
Reference vault 14,37 - 10,96 - 
Vault with stiffeners 18,22 27 14,69 34 
Vault with three 
layers 
59,91 317 32,41 196 
 
6.4. CONCLUSIONS 
The numerical analysis performed on the two new kinds of vaults show a large improvement when 
applying a third layer of bricks to an existing two-layered vault. The arrangement of stiffeners or 
diaphragms, although representing also an improvement of the load bearing capacity, contributes in a 
very limited way and the increase of the vault’s stiffness causes a more brittle failure. 
The addition of another layer of bricks seems a much better option when facing the strengthening of a 
tile vault than placing stiffeners. Besides, depending on the ability of the mason, this option might be a 
much easier one. 
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Chapter 7 
7. CONCLUDING REMARKS 
“This dissertation is not just about advocating funicular form, but is grounded in the notion that 
designers have an important responsibility towards preserving architectural and historical heritage, 
nature's resources, and human life.” (Block, 2009) 
 
 
 
 
 
The combination of experimental and numerical analysis is strongly advisable when addressing the 
analysis of masonry structures in order to obtain the data for the numerical models and to validate the 
numerical results. This approach was followed in the present study. The characterization of the 
material was done by performing experimental tests and the supplied data was used to define the 
material’s properties of the numerical models. Two different numerical modeling strategies were 
adopted and compared with the results obtained from load tests on vaults and limit analysis. Two 
possible variations of the reference vault or possible strengthening systems were also analyzed. 
7.1. MAIN CONCLUSIONS 
The study has shown uneven results regarding the calculation of the reference vault. The results of 
collapse load obtained with limit analysis showed a big disagreement with the load tests which is 
worthy of consideration. Regarding the basis of limit analysis and Heyman’s hypothesis, the reason for 
this disparity can be found in the fact that this analysis ignores the tensile capacity of this kind of 
structures. 
The numerical analysis carried out defining the model with values of the material’s properties from 
the literature when that info could not be supplied by the experimental tests, showed also a very low 
load bearing capacity in comparison with the load tests. These values for masonry elements do not 
disregard the tensile strength, therefore, results are closer to the load tests than limit analysis results. 
However, in this non-calibrated numerical models, tile vault’s tensile strength is decreased due to the 
fact that these kind of recommended values in literature are generalized and have to cover a big 
spectrum of masonry properties in a safe way. The tensile capacity of “Catalan vaults”, thanks to the 
characteristics of the technique itself, is normally higher than the one of most masonry structures. 
Calibrated numerical models gave acceptable results. Both micro- and macromodels succeeded in 
replicating the structural behavior of the vault. However, although the micromodel identifies in a 
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slightly more accurate way stresses and strains and hence the position of the hinges thanks to its more 
detailed definition, macromodels can also supply reliable and comparable good information. Besides, 
macromodels require a considerable smaller amount of time to be generated and much less material’s 
properties. 
The two varieties of the reference vault studied in this dissertation consisted in the addition of a third 
layer of bricks and in the arrangement of stiffeners or diaphragms. The results show that the addition 
of a third layer of bricks, whenever possible, means a much higher improvement in terms of maximum 
load capacity (317% of improvement) and initial stiffness (196% of improvement). 
 
7.2. FURTHER RESEARCH 
This research seeks becoming a PhD thesis; therefore, further testing should be made and some 
improvements can be done when the satisfactory tests presented in this dissertation will be repeated 
in the future. 
The most important tests to perform would be: compression tests properly monitored to find the 
compressive strength and the Young’s modulus should be made in both binders, in the three brick’s 
positions and in the different composite masonry specimens: 1 layer with gypsum; 1 layer with 
gypsum + 1 layer with mortar; 1 layer with gypsum +2 layers with mortar. Tensile and shear tests 
should also be done for all the mentioned specimens. 
The vaults should be built in the laboratory with strong unmovable supports and the load should be 
applied by an adequate machine, measuring at the same time displacements in several points along the 
vault. 
The development of recommendations about the values of the composite material properties in this 
kind of structures is an important task to be carried out. Bearing this objective in mind, several load 
tests in different kind of vaults should be performed to have enough data to draw general 
substantiated conclusions. To achieve this same goal, a wider parametric study of the vault’s variables 
should be carried out. 
A simultaneous numerical analysis of each specimen is also necessary. 3D models must also be 
considered to increase the accuracy in the simulation of the stiffeners and to study the torsion 
phenomenon. 
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Annex I 
A1. VERSATILITY AND ADVANTAGES OF TILE VAULTING 
“The key message of the paper is that research and innovation are strongly needed to assess the 
vulnerability of existing constructions, to define economical rational design rules, to allow for bold, novel 
shapes and novel applications of masonry, and to contribute to masonry innovation. Without the latter, 
the masonry market will inevitably shrink in the future.”(Lourenço, 2004) 
 
 
 
 
 
 
 
A1.1. INTRODUCTION. 
A historical research on the architectural legacy of tile vaulting supports the effectiveness and 
efficiency of this traditional building technique which solved architectural aspects of any kind of 
typology. These features can still be profited nowadays by giving to this technique a contemporary 
value recovering it for different kind of projects. This annex is a review of some tile-vaulted relevant 
projects which illustrate the main advantages of Catalan vaults.  
Several factors can justify building using this traditional technique today, among others: 
1. Within the context of the current crisis, it is increasingly essential to take the economy of building 
into account. The fact that this construction does not need scaffolding makes its cost very low. 
2. The easiness of brick manufacturing and the possibility of purchasing it within a local trade ensures 
a sustainable technique that, in addition, after its collapse, doesn’t mean a serious pollution. 
3. The durability of the technique is demonstrated through numerous heritage examples. 
4. The stability of these structures depends on its geometry, which optimizes the amount of material 
used. These vaults can withstand housing common loads and cover the typical spans of this type. 
5. The versatility of this technique makes it possible to be used in both small and large spans, and to 
build floors and stairs of different geometries operating under compressive stress. 
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A1.2. ADVANTAGES OF TILE VAULTING 
A1.2.1. Low-cost construction. 
Within the context of the current crisis, it is increasingly essential to take the economy of building into 
account. The fact that the construction of the "volta catalana" does not need scaffolding makes their 
cost very low. 
The works constructed with Catalan vault are sparking new enthusiasm and are also studied in 
academic circles. Since the sixties, this type of construction was abandoned and it is only now 
beginning to have the space and attention it deserves. 
This recognition is due in part to the currently growing interest in low cost construction. And this 
certainly is: no need for formwork and it requires little material. The material used, the traditional 
brick, now it may also be made of sand, clay, “marés” stone –a mixture of sand and chalk-, or what best 
suits what the environment supplies. 
As it often happens in traditional work, all the ingenuity of this technique is the result of exercise 
simultaneously accurate and deep intuition, and the patient task of experimental verification. 
What is practical and cheap is sometimes considered opposite to what is beautiful and ethical: on one 
side what should be, on the other side what it is, either for convenience or inertia of the practical 
issues. However, in this case, despite its low cost, tile vaulting does not give up the qualitative values. 
The project by Pr. Peter Rich, Mr. Michael Hector Ramage, Prof. John Ochsendorf, Ms. Anne Fitchett and 
Mr. Mathew M. Hodge, academics from the MIT is an example of this advantage. 
 
Figure 68. Mapungubwe National Park Interpretive Centre 
The building hosts an Interpretation Centre for the Mapungubwe National Park in Ethiopia. The 
restrictions were about budget and construction time, but the use of steel was also limited and the use 
of local materials was requested to boost the economy by creating jobs. These limitations led to the 
use of the tile vaults to build the centre (Block et al. 2010). 
It was built with vernacular earth-compressed bricks, a decision that led to cheapen the work 30% 
more than if it had been made with concrete. Moreover, the use of local materials adds socio-economic 
benefits, as it generates employment in the area, an important factor in a developing country. 
Several unemployed South Africans were instructed to learn to build with this technique and with 
adobe to build vaults. Thus, this technique has been rediscovered as a low-cost method and affordable 
for the majority of the world population. 
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A1.2.2. Sustainability. 
The easiness of brick manufacturing and the possibility of purchasing it within a local trade ensure a 
sustainable technique that, in addition, after its collapse, doesn’t mean a serious pollution to the 
environment, which may occur using other kind of materials. 
Due to its numerous advantages, it is worth to retrieve this medieval technique that allowed building 
structures that today only few architects would dare to do without steel. The technique is cheap, fast, 
durable and environmentally friendly. Since a few years tile vaulting is reappearing in various sectors: 
in search of low-cost, formal exploration and sustainable construction. 
In this section two projects are exposed: Crossway Passive House of Richard Hawkes in England and 
the Sustainable Urban Dwelling Unit (SUDU) in Ethiopia, a joint project between ETH Zurich and the 
Ethiopian Institute of Architecture, Building Construction and City Development (EiABC). 
The Crossway Passive House explores the use of solar energy to generate electricity and thermal 
energy and construction techniques with minimal environmental impact: tile vaults, light wood and a 
land settlement. 
SUDU in Addis Ababa is less spectacular, but it shows us how to build the metropolis without using 
concrete, steel or wood. It is a sustainable and ecological building, made with a combination of tile 
vaults and compressed earth blocks. 
The SUDU combines techniques of the past from different continents, giving rise to a new approach to 
low-tech construction adapted to local resources: stabilized cement and compressed earth block (CEB) 
as materials. The project aims to eliminate dependence on imported and high-energetic-consumption 
materials such as steel and concrete. It also excludes the use of wood, because wood is scarce in the 
country also (Ramage et al., 2009). 
 
Figure 69. The sustainable urban dwelling unit (SUDU) under construction (http://sudu1construction.wordpress.com/) 
One of the most challenging current problems in Africa (and throughout the developing world) is the 
tremendous lack of housing for the urban poor. In Ethiopia, this is reflected in informal housing all 
over the country, reaching perhaps 80% of the built areas of the capital, Addis Ababa.  
The most common construction method is the construction with eucalyptus wood and mud, which is 
economically and environmentally sustainable, but the problem is that no more than one store can be 
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built and this creates kilometric cities where a balance between movement in the city and access to 
resources is difficult. 
The government is promoting the construction of large concrete dwellings. However, that is not a 
model of economic and environmentally sustainable development; it does not offer an alternative low-
cost housing and does not prevent the number of people who are forced to live homeless grow day 
after day. 
The technique used in the SUDU, inspired by traditional methods and using materials available locally, 
provides jobs, introduces new techniques and encourages self-sufficiency. 
A1.2.3. Durability. 
Due to the material used, this technique has a considerable resistance to fire and is not susceptible to 
insect attack or decomposition, as wood may be. 
The construction technique of tile vaulting has historically been considered very effective against fire 
or insect attack. The church Santa Maria del Mar in Barcelona, burned for 11 days due to the bombing 
of the Civil War and remained standing. When Guastavino went to America after the Great Fire of 
Chicago in 1871, his company was a great success called "Guastavino Fireproof Construction 
Company". Floors, ceilings, arches and stairways were also provided with sound isolation and were 
resistant to flooding, moisture and pests such as rats and cockroaches. 
Today, reinforced concrete, steel, or even certain types of wood can also provide these guarantees, but 
it must be remembered that some of the treatments to get these benefits are really expensive. 
 
Figure 70. Cathedral of Saint John the Divine, NYC. (Picture from Ochsendorf, J.; 2010) 
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A1.2.4. Load bearing capacity. 
The stability of these structures depends on its geometry, which optimizes the amount of material 
used. These vaults can withstand very high loads regarding its slenderness.  
As this thesis focuses mainly on the structural analysis of tile vaults and its load bearing capacity, this 
section will not be extended any more. 
 
      
    Figure 71. Load test at the ETH (Block Research Group)                                        Figure 72. Load test at the UPC 
                                                           
 
Figure 73. Exhibited load test by Guastavino to demonstrate de high load bearing capacity of the technique 
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A1.2.5. Versatility. 
The versatility of this technique makes it possible to be used in both small and large spans, and to 
build floors and stairs of different geometries operating under compressive stress. 
The brick is the basis for the construction of tile vaults, giving construction multiple formal 
possibilities. Either large domes with big spans in a cathedral or small stairs in a little house can be 
built with this technique. According to Guastavino, tile vaults had to become more common 
constructions in the world. But that didn’t happen (Ochsendorf, 2010). In 1962, his office had to close 
and the technique became obsolete with the advent of steel and concrete, which offered many more 
formal possibilities. 
However, some examples tried to keep the technique a few years more. Two of them are presented 
here: 
The first, Eladio Dieste, who incorporated the steel to the construction of such vaults expanding 
greatly the formal possibilities.  
"The expression, to be authentic, cannot be gratuitous; a first basis is the consistency of what we do with 
the laws that govern matter in equilibrium, so it is natural to accommodate what is built to the forces 
that will have to be resisted” (Dieste, 1990) 
 
Figure 74. Church of Christ the Worker, Atlantida, Uruguay, 1958-60 by Eladio Dieste (http://www.urbanhabitatchicago.org) 
Also notable and relevant -and more faithful to the traditional technique of tile vaults- is the example 
of the art school in Cuba by the architects Ricardo Porro, Roberto Gottardi and Vittorio Garatti, a 
project that explored the formal possibilities of this building technique. It was an unfinished work, 
built between 1961 and 1965. The ambitious plan was for a national complex of art schools. As 
modern construction materials were scarce but manpower abundant, they decided to use tile vaulting. 
In 1965 construction was halted and the complex was abandoned until 1991, when John Loomis 
visited the schools and was surprised by the "magical realism of landscape and architecture." In the 
late 90's, he published a book about the Cuban revolutionary architecture (Revolution of forms. Cuba's 
Forgotten Art Schools). When Fidel Castro read it, he criticized the officials for allowing the art schools 
fall into such a state of neglect. In December 1999 the three architects were invited to return to 
Havana to finish the job (http://www.lowtechmagazine.com). 
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Currently, several research groups explore the formal possibilities of this technique. A notable 
example is Lara Davis, Matthias Rippman and Philippe Block, from the group “BLOCK Research Group” 
in ETH Zurich (Figure 71), where they explore traditional techniques combined with new software 
tools and CNC manufacturing, and new low-tech materials such as cardboard. The tile vaulting system 
allows them to build with little material and it does not need a strong formwork for construction. The 
group has designed new software to combine the advantages of this traditional technique with a large 
formal variety. The "RhinoVault" enables the design of forms that work under compressive stresses 
using the minimum amount of material (Davis et al., 2011). 
 
Figure 75. The Thrust Network Analysis funicular form finding method (Block Research Group) 
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Annex II 
A2. LAST STEP: BUILDING TILE VAULTS 
“…to build an arch on this system, or build anything on the Cohesive System, presents two problems. One 
relates to the stability of the structure after being built; the other, and the main one, to getting the 
structure built. We may know that a construction on the Cohesive System will have stability when set; but 
to build it may be an insuperable problem.” (Guastavino, 1892) 
 
 
 
 
 
Two tile-vaulted projects are presented in this annex. Both of them were designed for International 
Architecture Festivals and, although they were planned as ephemeral architecture to be demolished 
after summer 2103, the decision makers in both projects decided to keep them when they saw the 
final result. The projects were designed and built by the author of this dissertation together with his 
colleagues at the international collective “Map13 Architects” (www.map13.net). 
A2.1. BENCH FOR THE INTERNATIONAL FESTIVAL OF ARCHITECTURE AND CONSTRUCTION 
The members of Map13 Marta Domènech and David López López, together with Oriol Dominguez and 
assisted by Alejandro Caballero, were invited at the International Festival of Architecture and 
Construction (IFAC) to guide a hands-on workshop consisting of the construction of a tile vault in 
Covarrubias, a beautiful little town in Burgos, Spain. 
The project consisted of a little intervention in a green area near the river of the town. A quite special 
bench or children’s playground was constructed in 7 days by the tutors and the assistants to the 
workshop, mainly architecture and fine art students from all over the world. 
The design and construction processes were very similar to the ones used by the same authors at the 
much bigger vault built in Barcelona two months before. Thus, as an explanation of them will be 
presented in the next section, only some pictures of the process and vault will be displayed in this one.   
It has to be taken into account that it was built by non-experienced students, therefore the finishing 
and other details were not perfectly executed. However, the lack of hands-on experience was 
counterbalanced by the motivation and eagerness of learning. 
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Figure 76. IFAC Workshop. Day 1 
 
Figure 77. IFAC Workshop. Day 2 
 
Figure 78. IFAC Workshop. Day 3 
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Figure 79. IFAC Workshop. Day 4 
 
Figure 80. IFAC Workshop. Day 5 
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Figure 81. IFAC Workshop. Day 6 
 
Figure 82. IFAC Workshop. Day 7  
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A2.2. BRICK-TOPIA  
Regarding the advantages of tile vaulting and aiming at taking to its limits the structure and formal 
versatility, during the month of June 2013, as the result of dedicated efforts in the academic field to 
understand and test tile-vaults, David López López, Marta Domènech and Mariana Palumbo (members 
of Map13) made a proposal that was the winning project in the "Build-it" category at the International 
Festival of Architecture Eme3, held from the 27th to 30th of June in Barcelona. Counting also with the 
help of Paula López and Josep Brazo, a vaulted structure was built using the traditional construction 
technique, tile-vault. The project was called “Brick-topia”. 
 
 
Figure 83. Project Brick-topia framing a tower of the old factory Fabra i Coats. ©Manuel de Lózar & Paula López 
 
This construction took as a reference the above mentioned prototype, built by Philippe Block, Matthias 
Rippman and Lara Davis at the Technical University of Zurich (ETH), with which reliability of 
“RhinoVault”, a plug-in for Rhinoceros, used to design the pavilion, was demonstrated. 
The research concerning Brick-topia collects the material tradition and the constructive knowledge of 
tile vaulting and combines them with contemporary computational tools. This project, developed in 
the enclosed area of a nineteenth-century factory made of brick, uses the same material raising a new 
topography in the old courtyard. However, it is opposed to the industrial construction with very 
different curved shapes offering a concave and protected space. 
Structural Analysis of Tile Vaults: Methods and Variables 
 
 
Erasmus Mundus Programme 
96                                                                 ADVANCED MASTERS IN STRUCTURAL ANALYSIS OF MONUMENTS AND HISTORICAL CONSTRUCTIONS 
The vaulted pavilion sets out the contemporary validity of this traditional system, used in Catalonia 
since s. XV and widely spread in various parts of the world for centuries. It is economical, sustainable, 
with formal and functional versatility and nowadays it is also offering the possibility of being built in 
developing countries for roofs, stairs, drainage systems, etc. Unlike the construction systems that can 
be seen these days, this project aims to restore the expertise and imagination of the building hands.  
“Bricktopia” has been built by excellent builders who have made an unprecedented craftsmanship. The 
challenge that requires good layout in tile vault construction, specially with a complex shape like this 
one, suggests the work as an opposite to the mechanical work. 
 
A2.2.1. The contest 
The International Festival of Architecture Eme3, made a call for projects in March 2013 to create a 
space, to serve as urban activator and to be a container for cultural activities during the summer. The 
proposal had to cover: 
• bar area and terrace, 
• scenario for an open-air cinema, performance, concerts, debates, 
• mini-pool (max 30 cm depth) 
• space for the realization training, workshops, etc. 
 
 
Figure 84. Image of the proposal 
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The site was in the patio of the ancient factory Fabra i Coats, one of the most important heritage 
examples of the masonry construction in the industrial buildings from the XIX Century in Barcelona. 
That place was found by the authors as a perfect place to compare different techniques of masonry 
construction in different times and also to prove the contemporary validity of tile vaulting. 
Given the international crisis in which the world is immersed, the authors have been studying for 
some time the processes of traditional techniques such as Catalan vault as alternatives to steel or 
concrete. In addition, the learning ability of this technique and the easiness of finding brick (either 
ceramic or earth) within a relatively close area, makes it an activator of the local economy, as 
demonstrated in several cooperation projects in which it was used, such as the project mentioned 
above in Ethiopia, SUDU (Block Research Group, ETH Zurich). 
 
 
 
Figure 85. Proposal for the contest 
 
One objective of this project was also to teach this technique and the construction process opening the 
works to the participation by any interested volunteer. Past experiences with the construction of 
vaults and with this type of workshop have given the authors very good results, with an atmosphere of 
fun and motivating work. 
The proposal was an innovative project in which the material, the structure and the construction 
technique were pushed to the limit. It is also a world of contrast between the curves and the straight 
lines of the factory, but having the same color and texture: the brick. 
 
                    Vault 1:                                              Vault 2:                          Vault 3: 
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A2.2.2. Sponsors 
 
The starting budget for the construction was 3.000€, offered by the architecture festival. The authors, 
together with the festival organizers, found the sponsor presented in the next lines and figure. 
 
 
Figure 86. Logos of the companies sponsoring the construction 
 
CEMENTOS COLLET: Natural fast-setting cement 
200 sacks x 25 kg: 5.000 Kg. 
BÒVILA ARTESANA DURAN: 5.000 Handmade 
Bricks 
IAAC: Laser Cut for the Acrylic Formwork 
CEMEX: The concrete for the slab 
CERÀMIQUES PIERA: 4.500 solid bricks for the 
second layer 
PRESOLERA: The workers to give shape and smooth 
the slab. 
ALSINA: The formwork for the slab 
COAC: Institutional support 
ETSAB: Institutional support, students and 
volunteers 
SAPIC: 3 masons to build the vault, 10 working days 
COTS i CLARET: 1 mason to build the vault, 12 
working days 
CLOSA: 2 masons to build the vault, 12 working 
days 
CALAF: 3 masons to build the vault, 12 working 
days 
URCOTEX: 3 masons to build the vault, 12 working 
days 
NUDEC: Acrylic sheets for the first formworks 
GTC: Topography 
ALCO: Scaffolding 
RUBI: Tools 
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A2.2.3. The project 
After two meetings with the organizers of the festival and the main sponsors (Sapic, Duran, Collet, 
Calaf, Urcotex, Cots i Claret, Closa), due to the lack of time, it was decided to build only one pavilion 
(instead of the three separated vaults proposed in the contest) and some setting up in the 
surroundings of the pavilion. 
 
Figure 87. Plan of the project 
The shape of the project was an “L” (in plan) to give shadow in the sunniest part of the patio and to 
have control of the entrances to the buildings and the square. It was also decided to make an open 
oculus to frame the main view of the ancient factory. The program inside was free to include a bar, an 
exposition, workshops, talks, etc. 
 
Figure 88. Render of the project 
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Figure 89. Main section of the project 
To achieve a successful design of this project the use of computational methods of "form-finding" 
based on analysis of the behavior of this kind of structures was essential. The "plug-in" Rhino-Vault, 
was the tool used; it was developed at the Institute of Technology in Architecture from the Technical 
University in Zürich (ETHZ) in the research group led by Philippe Block. With the help of this tool, 
forms that work only in compression, necessary condition for unreinforced masonry structures, were 
designed. 
The structure works only in compression when it is subjected to self-weight loads. However, the 
admissibility of possible different loads needed to be verified, according to the Spanish code. The FEM 
was used. A macromodel and the corresponding loads were defined. The analysis showed where 
tensile stresses appeared and different thicknesses of the vault were attempted to resist them.   
 
Figure 90. 3D models of the project designed with RhinoVault 
“Using reciprocal diagrams, it provides an intuitive, fast method, adopting the same advantages of 
techniques such as Graphic Statics, but offering a viable extension to fully three-dimensional problems. 
Our goal is to share key aspects of our research in a comprehensible and transparent setup to let you not 
only create beautiful shapes but also to give you an understanding of the underlying structural 
principles.” (Block: http://block.arch.ethz.ch/tools/rhinovault). 
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A2.2.4. The Construction process 
The Slab 
 
Figure 91. Construction of the slab as foundations for the project. ©Manuel de Lózar & Paula López 
A slab of concrete was built as digging to make foundations was not allowed. It was 350m2. with 33m3 
of concrete and steel reinforcement bars of 8 mm diameter in both directions every 15 cm. 
 
The scaffolding 
 
Figure 92. Arrangement of the scaffolding. ©Manuel de Lózar & Paula López 
The scaffolding was the base to place the cardboard, which will serve as formwork. Each piece of 
scaffolding had a surface of 2m x 2m, and the cardboard sheets were arranged every meter. 
The Formwork  
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Figure 93. Plan of the project 
The formwork was done with sheets of cardboard every meter. They were used only as a guide to 
know the form. It was cut by the volunteers of the festival in the work site. 
On the cardboard, following the shape of the vault, steel rods diameter 8 or 10 mm every 50 cm and 
diameter 12 mm in the principle arches were placed. When the steel rods were tied to each other, the 
cardboard was removed and the construction of the first layer began. 
 
 
Figure 94. Proccess of cutting and mounting the formwork made of cardboard. ©Manuel de Lózar & Paula López 
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Figure 95. Construction process. ©Manuel de Lózar & Paula López 
 
Figure 96. Architecture students visiting the work-site. ©Manuel de Lózar & Paula López 
Tile vaults’ first layer may be built with gypsum or fast-setting cement. In this case fast-setting cement 
was chosen as the best option, not only because the producers that we contacted (Cementos Collet)are 
Catalan vault lovers, experts in this technique and sponsors of this construction, but also because it 
achieves its strength much faster and it is more resistant to exterior conditions. The bricks used in the 
first layer were handmade bricks with dimensions 28cm x 14cm x 1.5cm donated by the producer 
Forn D’obra Duràn. 
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Figure 97. Experienced workers building the first layer 
 
The problem of the time: Reducing the vault’s size 
Five days before the inauguration of the festival, the design had to be changed due to the lack of time 
to inaugurate the pavilion during the days of the architecture festival. The dimensions of the planned 
vault were reduced. 
 
Figure 98. Process of redesign of the project "in situ" 
 
Experience and new knowledge had already been gained in the few but intensive precedent days of 
hard work. Therefore, the authors felt confident to find the new shape with the help of the steel rods, 
searching in situ the best curve that would make the structure work only in compression.  
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Second and third layers 
A second and a third layer began to be built at the same time that the first was being finished in other 
parts of the construction. The second layer was made with a mortar composed of fast-setting cement 
and sand (1:1) and with hollow bricks with dimensions 24cm x x14cm x 4cm. The third layer was not 
built in the whole surface of the vault and it was made with Portland cement mortar and solid bricks 
with dimensions 28cm x 14cm x 4cm. The third layer was only applied to the highest vault and the 
arches.    
 
 
Figure 99. Building the first, second and third layer at the same time. ©Manuel de Lózar & Paula López 
 
Stripping the vault 
One of the most exciting moments of the construction process is when the formwork is removed. Even 
knowing that the formwork was only a very little help to support the loads (mainly self-weight, but 
also workers, tools and construction material), the moment when a new masonry structure is left to 
work by itself is always breathtaking. 
 
Figure 100. Dismantling the formwork. ©Manuel de Lózar & Paula López 
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One of the most interesting parts of this process was the difference between theory (the way it was 
plan to remove the formwork) and praxis (the way it was finally done). Although there are many 
different well described ways to do this process, literature always coincide in asserting that all of them 
have to be done in a delicate way. The removal of the formwork in this project was also carefully done, 
but the high stiffness and strength of this double-curvature masonry shell was so obvious that no fear 
was felt when removing the steel bars vigorously. 
 
Figure 101. Dismantling the last part of the formwork. 
 
A2.2.5. Final Result 
After 25 days of non-stop work, the vault was ready to be inaugurated. Some finishing has to be done 
as it will remain there for longer than expected. 
 
Figure 102. Interior view of the final result. ©Manuel de Lózar & Paula López 
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Figure 103. Inauguration of the pavilion. ©Manuel de Lózar & Paula López 
 
 
Figure 104. Exterior view of the pavilion. ©Manuel de Lózar & Paula López
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A2.1.6. Visual construction’s diary 
13th of June:   
 
Figure 105. Brick-topia June 13. ©Manuel de Lózar & Paula López                   
14th of June:  
 
Figure 106. Brick-topia June 14. ©Manuel de Lózar & Paula López 
15th of June:  
 
Figure 107. Brick-topia June 15. ©Manuel de Lózar & Paula López 
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16th of June:  
 
Figure 108. Brick-topia June 16. ©Manuel de Lózar & Paula López 
16th of June:  
 
Figure 109. Brick-topia June 16 (2). ©Manuel de Lózar & Paula López 
17th of June:  
 
Figure 110. Brick-topia June 17. ©Manuel de Lózar & Paula López 
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18th of June:  
 
Figure 111. Brick-topia June 18. ©Manuel de Lózar & Paula López 
19th of June:  
 
Figure 112. Brick-topia June 19. ©Manuel de Lózar & Paula López 
20th of June:  
 
Figure 113. Brick-topia June 20 
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21th of June:  
 
Figure 114. Brick-topia June 21 
22th of June:  
 
Figure 115. Brick-topia June 22. ©Manuel de Lózar & Paula López 
22th of June:  
 
Figure 116. Brick-topia June 22. ©Manuel de Lózar & Paula López 
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22th of June:  
 
Figure 117. Brick-topia June 22. ©Manuel de Lózar & Paula López 
23th of June:  
 
Figure 118. Brick-topia June 23 
24th of June:  
 
Figure 119. Brick-topia June 24. ©Manuel de Lózar & Paula López 
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25th of June:  
 
Figure 120. Brick-topia June 25. ©Manuel de Lózar & Paula López 
26th of June:  
 
Figure 121. Brick-topia June 26. ©Manuel de Lózar & Paula López 
26th of June:  
 
Figure 122. Brick-topia June 26 
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27th of June:  
 
Figure 123. Brick-topia June 27. ©Manuel de Lózar & Paula López 
28th of June and inauguration:  
 
Figure 124. Brick-topia June 28. ©Manuel de Lózar & Paula López 
 
Figure 125. Brick-topia June 28 (2). ©Manuel de Lózar & Paula López 
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Figure 126. Brick-topia June 28 (3). ©Manuel de Lózar & Paula López 
 
 
 
Figure 127. Brick-topia June 28. Inauguration. ©Manuel de Lózar & Paula López 
